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ABSTRACT

Organometal halide perovskite absorbers such as methylammonium lead iodide chloride
(CH3NH3PbI3-xClx), have emerged as an exciting new material family for photovoltaics due to its
appealing features that include suitable direct bandgap with intense light absorbance, band gap
tunability, ultra-fast charge carrier generation, slow electron-hole recombination rates, long
electron and hole diffusion lengths, microsecond-long balanced carrier mobilities, and
ambipolarity. The standard method of preparing CH3NH3PbI3-xClx perovskite precursors is a
tedious process involving multiple synthesis steps and, the chemicals being used (hydroiodic acid
and methylamine) are quite expensive. This work describes a novel, single-step, simple, and costeffective solution approach to prepare CH3NH3PbI3-xClx thin ﬁlms by the direct reaction of the
commercially available CH3NH3Cl (or MACl) and PbI2. A detailed analysis of the structural and
optical properties of CH3NH3PbI3-xClx thin ﬁlms deposited by aerosol assisted chemical vapor
deposition is presented. Optimum growth conditions have been identified. It is shown that the
deposited thin films are highly crystalline with intense optical absorbance.
Charge carrier separation of these thin films can be enhanced by establishing a local
internal electric field that can reduce electron-hole recombination resulting in increased photo
current. The intrinsic ferroelectricity in nanoparticles of Barium Titanate (BaTiO3 -BTO)
embedded in the solar absorber can generate such an internal field. A hybrid structure of
CH3NH3PbI3-xClx perovskite and ferroelectric BTO nanocomposite FTO/TiO2/CH3NH3PbI3-xClx:
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BTO/P3HT/Cu as a new type of photovoltaic device is investigated. Aerosol assisted chemical
vapor deposition process that is scalable to large-scale manufacturing was used for the growth of
the multilayer structure. TiO2 and P3HT with additives were used as ETL and HTL respectively.
The growth process of the solar absorber layer includes the nebulization of a mixture of PbI2 and
CH3NH3Cl perovskite precursors and BTO nanoparticles dissolved in DMF, and injection of the
aerosol into the growth chamber and subsequent deposition on TiO2. While high percentage of
BTO in the film increases the carrier separation, it also leads to reduced carrier generation. A
model was developed to guide the optimum BTO nanoparticle concentration in the nanocomposite
films. Characterization of perovskite solar cells indicated that ferroelectric polarization of BTO
nanoparticles leads to the increase of the width of depletion regions in the perovskite layer hence
the photo current was increased by one order of magnitude after poling the devices. The
ferroelectric polarization of BTO nanoparticles within the perovskite solar absorber provides a
new perspective for tailoring the working mechanism and photovoltaic performance of perovskite
solar cells.
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CHAPTER 1
Introduction

Harvesting solar energy, which is abundant and sustainable, by means of solar
technologies, in particular photovoltaics, has attracted enormous interest in terms of research and
development for many years. The world’s first photovoltaic cell was created by French physicist
Alexandre-Edmond Becquerel in 1839. Assuming detailed balance for a single solar absorber, the
maximum thermodynamic efficiency for the conversion of unconcentrated solar irradiance into
electrical energy in the radiative limit was calculated by Shockley and Queisser in 1961 to be about
31% [1].
Currently, the photovoltaic field is divided into three generations. The first generation of
solar cells refer to a single p-n junction of crystalline Si (c-Si), exhibiting up to 26.6 % [32] power
conversion efficiency (PCE). The second generation of solar cells include the use of amorphoussilicon, poly-crystalline-silicon or micro-crystalline-silicon (a-Si, p-Si and mc-Si), cadmium
telluride (CdTe - 22.1 %), and copper indium gallium selenide (CIGS – 22.6 %). Even though, the
PCE is impressive of these devices, mass usage is limited either by their expensive fabrication
steps, the low abundance of the materials, or the toxic properties of some elements. The third
generation of solar cells, developed over the last decade, aims at conversion efficiencies beyond
the S-Q limit, stability, and use of environmentally benign and earth abundant materials with
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low manufacturing cost ie employing solution processing methods. They differ from the previous
generations in a few aspects: (1) First generation solar cells are configured as bulk materials that
are subsequently cut into wafers and treated in a “top-down” method of synthesis (silicon is the
mostly used bulk material). Third generation solar cells are configured as thin-films (inorganic
layers, organic dyes, organic polymers, and inorganic-organic-metal layers), deposited on
supporting substrates or as nanocrystal quantum dots (QDs) embedded in a supporting matrix in a
“bottom-up” approach; (2) Instead of relying only on a single p-n junction configuration for the
separation of the phot-generated charge carriers, the third generation solar cells uses tandem cells,
composed of a stack of p-n junctions of low-dimensional semiconductor structures. Employing a
stack of solar absorbers with various band gaps (such as Si and perovskite), covering a wide range
of the solar spectrum, the ultimate conversion efficiency at one sun intensity can increase to about
66%; (3) Third generation solar cells can be configured as donor-acceptor (D-A) heterojunctions,
with staggered electronic band alignment. The typical devices include dye-sensitized solar cells
(DSSCs), organic photovoltaics (OPV) or polymer solar cells (PSC), quantum-dot (QD) solar cells,
and perovskite solar cells (PSCs).

1.1. Perovskite Solar Absorbers
Solar cells based on organic-inorganic perovskites as a light absorber made a major
breakthrough in recent years in the field of photovoltaics. Generally, perovskite refers to calcium
titanium oxide mineral species composed of calcium titanate, with the chemical formula of
CaTiO3. The mineral was discovered in the Ural Mountains of Russia by Gustav Rose in 1839 [2]
and was named in honor of Russian mineralogist Lev Aleksevich von Perovski. Later, the word
‘perovski’ was borrowed to describe any material with the same type of crystal structure as calcium
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titanium oxide, known as the perovskite structure. The general chemical formula for pure
perovskite compounds is ABX3, where ‘A’ and ‘B’ are two cations of different sizes, and X is an
anion that binds to both. Halide perovskite represents a big collateral series of perovskite family
and it is reasonable to divide them roughly into alkali-halide perovskite and organo-metal halide
perovskite (Figure 1.1).

Figure 1.1. Crystalline systems of perovskites. Adapted from [107] with permission of The Royal Society of
Chemistry.

1.2. Organometal Halide Perovskites
Organometal halide perovskites structure and physical properties were ﬁrst reported by
Weber in 1978 [3]. Interest in organometal halide perovskites continues to increase due to its
appealing features that include low material cost, ease of synthesis, suitable direct bandgap with
high light absorbance, band gap tunability, ultra-fast charge carrier generation [4], slow electronhole recombination rates [5], low temperature processability (~ 100 °C) [6], long electron and
hole diffusion lengths [7], microsecond-long balanced ambipolar charge carrier mobilities [5],
excellent thermal stability, and small exciton binding energy [19 - 50 meV ].
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In metal halide perovskites, the A site is occupied by a monovalent organic (e.g. CH3NH3+,
CH(NH2)2+, (NH2)3C+) or inorganic (e.g. K+, Rb+, Cs+) cation, the B site by a divalent metal cation
such as Pb2+, Sn2+, Ge2+, Mg2+, Ca2+, Sr2+, Ba2+, Cu2+, Fe2+, Pd2+, and Eu2+ and the X site by a
halide counterion (Cl-, Br-, I-). The crystal structure of metal halide perovskites is depicted in
Figure 1.2. In the case of organolead halide perovskites, A is either methylammonium,
ethylammonium or formamidinium, and B is lead and X is either chloride, bromide, iodide, or a
mixture of halides.

Figure 1.2. Crystal structure of organometal halide perovskites. Adapted by permission from Macmillan Publishers
Ltd: [Nature] (42), copyright (2013).

The smaller B cations are surrounded by six halide anions (either Cl-, Br-, or I-) at the corners,
forming six‐fold coordinated octahedrons that extend to a three‐dimensional network by connecting
the corners. The perovskite structure is based on ionic bonds in a way that the total charge is
balanced, thus forming anionic corner-connected inorganic octahedra via covalent bonds with
organic cations in the cuboctahedral gap. The stability and the distortion of the perovskite structure
depend on the ratio of the (B-X) distance to the (A-X) distance, called the Goldschmidt tolerance
factor (t) [8],
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t = (RB + RX)/√2(RA+RX)
where RA, RB, and RX are ionic radii of A, B, and X, respectively for ABX3.
Ideal perovskites have a cubic geometry if t = 1. Perovskites have a pseudocubic or distorted
cubic structure for stability when t deviates from 1. Such a distortion will affect the electronic,
optical, and dielectric properties of perovskite materials. An additional consideration for perovskite
formability is the octahedral factor (μ) [9], μ = RB/RX. In the case of the alkali metal halide
perovskite, formability is determined from the t-μ mapping where the perovskite is stabilized for
a tolerance factor ranging between 0.813 and 1.107 and an octahedral factor ranging from 0.442
and 0.895 [9].

1.3. Methylammonium Lead Halide Perovskites
Solar cells employing methylammonium lead bromide (CH3NH3PbBr3) perovskites as light
harvesters were first reported at the annual meeting of the International Electrochemical Society
(IES) in 2006 by Kojima et al with PCE of 2.19 % [31]. By 2009 they were able increase the PCE
to 3.13 % [22]. Interestingly, the PCE of perovskite solar cells increased rapidly within 6 - 7 years
to 22.1 % [32] by April 2016 which is remarkable with CIGS (22.6 %), Crystalline Si (26.6 %),
and CdTe (22.1 %) which took over four decades to reach its current PCE. The most widely studied
methylammonium lead halides include CH3NH3PbI3, CH3NH3PbI2Cl, CH3NH3PbI3-xClx,
CH3NH3Pb(I1-xBrx)3, CH3NH3PbBr3-xClx and CH3NH3PbBr3. Beyond the pure lead halide
perovskites, CH3NH3PbI3-xClx, the mixed halide perovskite is under intensive study for solar cell
applications, which is derived from the pure halide perovskite CH3NH3PbI3 via apical substitution
of the iodine atom with a chlorine atom. The incorporation of the chlorine atom adds a small
perturbation to the equatorial iodine atoms including a small contraction of the octahedron. The
energy required for insertion of a chlorine atom is 160 meV [33,34].
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The exciton binding energies in CH3NH3PbI3 and CH3NH3PbI3-xClx have been reported as
2 - 62 meV [55] and 98 meV [36] respectively. The band gap (Eg) is calculated to be 1.57 eV for
CH3NH3PbI3, 1.80 eV for CH3NH3PbBr3, and 2.34 eV for CH3NH3PbCl3 [25] for cubic structure,
which are in good agreement with the measured values (ca. 1.53 eV for CH3NH3PbI3, ca. 2.20 eV
for CH3NH3PbBr3, and ca. 3.00 eV for CH3NH3PbCl3). When formamidinium HC(NH2)2+ or
ethylammonium is substituted for methylammonium in the A site of APbI3, Eg changes to 1.47 eV
for HC(NH2)2+ [37] and to 2.2 eV for CH3CH2NH3+ [38] mainly due to changes in the chemical
interaction between Pb and I accompanying structural modifications.
The energy difference between the Fermi energy and the valence band maximum of
CH3NH3PbI3-xClx (2.2% chlorine ratio) is measured to be 1.1 eV, indicating a weak n-type or
intrinsic semiconductor [39] in contrast to CH3NH3PbI3, which is reported to be a p-type
semiconductor [40]. The electron afﬁnity of CH3NH3PbI3-xClx is 4.15 eV.

Table 1.1 Properties of different lead halide perovskites. Reproduced with permission from
Bretschneider et al., APL Materials 2, 40701, (2014). Copyright 2017 AIP Publishing.
Composition

Bandgap(eV)

CH3NH3PbI3

1.5 - 1.61

Structure at room

Carrier diffusion

temperature

length

Tetragonal

L

D , e

˃ 0.1 µm

L

D , h

˃ 0.1 µm

CBM(eV)

VBM(eV)

-3.93

-5.3

CH3NH3PbBr3

2.32

Cubic

………………….

-3.36

-5.58

CH3NH3PbCl3

3.1

Cubic

………………….

…….

…….

CH3NH3PbI3-xClx

1.55-1.64

Tetragonal

-3.75

-5.43

……..

……..

-.4.2

-5.7

LD,e 1.9µm
LD,h 1.2µm
Tetragonal/cubic,
CH3NH3PbI3-xBrx

1.5-2.32
turnover x ~ 0.2

……………….
LD,h ˃ 0.1 µm
LD,e 0.2µm

HC(NH2)2PbI3

1.47

Tetragonal
LD,h 0.8µm
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The intrinsic carrier density in lead halide perovskite is very similar to intrinsic
semiconductors such as Si (109 cm-3) [37], and the DC dark electron mobility is 66 cm2V-1s-1 in
unintentionally doped single crystalline bulk CH3NH3PbI3 [37]. Recent measurements for the
high-frequency charge mobility set a lower bound of 11.6 cm2V-1s-1 for CH3NH3PbI3-xClx and 8
cm2V-1s-1 for CH3NH3PbI3 [5] which are extremely high for solution processed thin films. The
effective charge carrier mobility of vapor-deposited CH3NH3PbI3-xClx thin films is 33 cm2V-1s-1
[5]. The diffusion length measured via photoluminescence decay experiments for electrons and
holes in CH3NH3PbI3 is measured to be around 130 nm [41], and 100 nm. In CH3NH3PbI3-xClx,
electron diffusion length is about 1069 nm and for holes it is about 1213 nm [7]. Because of higher
charge carrier diffusion lengths, CH3NH3PbI3-xClx has a much larger recombination lifetime than
CH3NH3PbI3. In addition, photo-induced free charge carriers are confirmed in CH3NH3PbI3-xClx
perovskite [7], indicating that weakly bound excitons are generated by light illumination.
Perovskite also has a charge accumulation property that was identified by impedance measurement
[34]. Theses results indicate the existence of a high-density state in CH3NH3PbI3 and CH3NH3PbI3xClx

which support weakly bound excitons that can lead to high open-circuit voltage.
The absorption coefficient is estimated to be 1.5 × 104 cm-1 at 550 nm, indicating that the

penetration depth for 550 nm light is only 0.66 mm. At 700 nm, the absorption coefficient is 0.5 ×
104 cm-1, corresponding to a penetration depth of 2 mm. The planar junction structured devices are
more suitable if the diffusion length of the charge carriers is longer than the depth of the light
absorption, as demonstrated in the CH3NH3PbI3-xClx based planar cells that have an efficiency of
15.4% [42].
The ionic radii of CH3NH3PbX3 perovskite are estimated based on effective ionic radii
corresponding to one or two C – C (150 pm) or C – N (148 pm) bonds as in Table 1.2.
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Table 1.2. Estimation of the A cation radii in ABX3. Reproduced with permission from Kim et al.,
Journal of Physical Chemistry C, 118 (11), pp 5615–5625 (2014), Copyright 2014 American
Chemical Society.
RPb

X

Pb2+ (1.19 A°)

rA for

rA for

t = 0.8

t = 1.0

Cl- (rCl = 1.81 A°)

1.584 A°

2.433 A°

Br- (rBr = 1.96 A°)

1.604 A°

2.495 A°

I- (rI = 2.20 A°)

1.635 A°

2.594 A°

Tolerance factors for CH3NH3PbX3 are calculated at 0.85, 0.84, and 0.83 for X = Cl, Br,
and I, respectively, based on the radii of CH3NH3+ = 180 pm [43], Pb2+ = 119 pm, Cl- = 181 pm,
and I- = 220 pm. Dielectric constants are estimated to be 23.9, 25.5 and 28.8, and dipole moments
are calculated to be 0.85, 0.766, and 0.854 Debye for X = Cl, Br and I, respectively. Small charge
carrier effective masses of me = 0.23m0 and mh = 0.29m0 are estimated for CH3NH3PbI3. Electron
diffusion coefficient (De) is estimated to be ~0.04 cm2/s for CH3NH3PbI3-xClx and ~ 0.03 cm2/s for
CH3NH3PbI3.
Contrary to the 3-dimensional methylammonium lead halide structures, low-dimensional
structures have a higher exciton binding energy of more than 200 meV [44-46]. With decreasing
dimensionality to 1-D and 0 - D, the exciton binding energies increase in accordance with
the quantum confinement eﬀects [47,48]. CH3NH3PbI3-xClx indicate a more tightly bound
nature of the excitons resulting from the halogen substitution.
In bulk single crystal of CH3NH3PbI3, the effective diffusion length is around 175 μm [49].
The remarkable long diffusion length is suggested to result from greater carrier mobility (105 ± 35
cm2V-1s-1 for holes and 24.0 ± 6.8 cm2V-1s-1 for electrons), longer lifetime (95 ± 8 µs), and smaller
trap densities (3.6 × 1010 cm-3) in the single crystal than that in polycrystalline thin films.
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1.3.1. Temperature Dependent Structural Properties
The temperature-dependent crystal structure of CH3NH3PbI3 perovskites is summarized in
Table 3. The perovskite-phases are named with α, β, and γ and the non-perovskite δ-phase [50].

Table 1.3. Temperature-dependent structural data of CH3NH3PbI3. Reprinted with permission
from Kim et al., Journal of Physical Chemistry C, 118 (11), pp 5615–5625 (2014). Copyright
2014 American Chemical Society.
Phase
CH3NH3PbI3

Temperature (K)

Crystal Structure

α
β
γ

>327.4
162.2-327.4
< 162.2

cubic
tetragonal
orthorhombic

Dielectric Constant (Ɛ’)
28.8 (ionic),
6.5 (electronic)

Electronic bandgap (Eg)
1.5

α is the high-temperature phase for temperatures T > 327 K [51] and has a pseudocubical
crystal structure. The position of the CH3NH3+ cation in CH3NH3PbI3 perovskite is only ﬁxed in
the orthorhombic phase at low temperature and could not be ﬁxed at room temperature due to the
cubic symmetry requiring eight identical positions for the cations [52]. As a result, the tetrahedralcoordinated C and N atoms exhibit a disordered state inside the eight tetrahedral of the
cuboctahedron around the normal A positions (1/2, 1/2, 1/2) of the ABX3 perovskite. Therefore,
at room temperature, the CH3NH3PbI3 perovskites have tetragonal β-phase (non-centrosymmetric,
space group I4cm [53, 37] with lattice parameters a = 8.855 Å and c = 12.659 Å) [22], with a
slightly distorted PbI6 octahedral around the c axis. The exact parameters depend on molecular
orientation [54]. In the α- and β-phase, the methylammonium cations are disordered. Ferroelectric
response like capacitance and non-ohmic behavior, which might be responsible for hysteretic
behavior in the current/voltage curves, could be attributed to the reorientation of the
methylammonium cations in an external field and the resistance of the inorganic lead-iodide lattice
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[34,37]. Due to the tilting of the octahedra during the phase transition from α- to β-phase, the unit
cell doubles its length, thus octuples its volume and forms a super-cell [37].
For temperatures below 162 K, the perovskite undergoes a phase transition to orthorhombic
γ -phase (space group Pmc21 [35]), where the methylammonium cations are ordered. During the
phase transitions from α to β and γ, the octahedra are tilted and deform from the ideal octahedron
with respect to cubic phase. For decreasing temperatures, tilting and deformation effects increase
[50]. Phase transitions between the α-, β-, and γ -phases occur in the solid phase, while the
transition to the non-perovskite δ-phase happens in the presence of solvents [37]. A schematic
phase diagram of the different perovskite phases is shown in Figure 1.3. A reversible phase
transition was found from the tetragonal → cubic transition occurring at 57.3 °C upon heating and
a cubic → tetragonal transition at 56°C upon cooling from a crystal chemistry study of
CH3NH3PbI3 using a diﬀerential scanning calorimeter [35].
According to ﬁrst-principles band calculations [56] and density functional theory (DFT)
calculations [57] of the CH3NH3PbI3 (X = Br, I) perovskites, if the spin orbital coupling is not
considered, the electronic bandgap (Eg) of CH3NH3PbI3 is 0.5 eV larger, than the experimental
data at room temperature. The reduction in Eg originates from the spin orbital coupling, in which
the valence band maximum created by the antibonding of Pb 6p - I 5p is nearly unchanged, but the
6-fold nature of the conduction band minimum is primarily composed of Pb 6p - I 5s, which is a
signiﬁcant change [24]. Therefore, the structural phase transition and spin orbital coupling could
affect the photovoltaic properties because the band structure is expected to be influenced by
structural changes.
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Figure 1.3. Scheme ([006] view) of phase transitions of lead halide perovskite. The high-temperature α-phase has two
possible phase transitions, for dry crystals to the β- (T < 327 K) and γ -phase (T < 162 K) or in the presence of, e.g.,
a solvent to the δ-phase for temperature below ∼360 K. Stoumpos et al., Inorganic Chemistry52(15), 9019 (2013).
Copyright 2014 American Chemical Society.

1.4. Bandgap Engineering of Perovskite Materials
The bandgap of a semiconductor material determines the strength of the electric field or
the VOC, and when the bandgap is too low, the cell will collect extra current (since even low energy
photons can excite charge careers), but at the cost of having a small open circuit voltage. The
optimal bandgap, balancing these two effects, is around 1.4 eV for a solar cell made from a single
material [1]. According to the studies on perovskite crystals, the bandgap of the perovskite material
will decrease with (a) increase of the dimensionality of the BX6 network [10]; (b) increase of the



angle of B – X – B  180

0

 bonds [11]; (c) decrease of the electronegativity of anions [12–16];

(d) decrease of the difference in effective electronegativity between the metal (B) cation and the
anion. While the last two parameters are directly controlled by the nature of the elemental atoms
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(molecules), the first two are also influenced by extraneous factors e.g. temperature and/or
pressure. Bandgap tuning of organometal halide perovskites could be achieved by varying the
combination of all the three cationic and anionic components.

1.4.1 Influence of A Cation
The A cation can influence the optical properties by deforming the BX64- octahedron
network due to the variation of its size. A larger or smaller A cation can cause the whole lattice to
expand or contract that can lead to change of the B - X bond length which has been demonstrated
to be important in the determination of the bandgap [17,18]. Given a particular metal and halide,
for example APbCl3, a relatively small size range is allowed for the A cation, since it must fit
between the corner-sharing metal halide octahedral as indicated by t. When t = 1, to maintain cubic
symmetry, the value of the ionic radius (RA+) may not be larger than 2.6 °A. Therefore,
Ammonium [NH4]+ (1.46 °A), K+(1.64 °A), Rb+(1.72 °A), Cs+(1.88 °A), Hydroxylammonium
[NH3OH]+(2.16 °A), Hydrazinium [NH3NH2]+(2.17 °A), Methylammonium [CH3NH3]+ ](2.17
°A),

Azetidinium [(CH2)3NH2]+(2.5 °A), Formamidinium [CH(NH2)2]+ (2.53 °A), and

Imidazolium [C3N2H5]+( 2.58 °A) are the suitable candidates for A cation. It is observed that the
bandgap decreases as the A cation size increases. For example, bandgaps of CH3NH3PbI3 and
CsPbI3 are 1.55 eV and 1.73 eV respectively. The bandgap can be extended to ~ 830 nm by
replacing methylammonium (CH3NH3+) cation with formamidinium (H2NCHNH2+) [19].
Therefore, as the A cation ionic radius size increases, the lattice is expected to expand, then the
bandgap decreases causing a red-shift in the absorption onset. If the cation is too large, the 3D
perovskite structure is unfavorable and lower-dimensional layered or confined perovskites will be
formed [20].
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1.4.2 Influence of B Cation
Regarding the B metal cation, in the downward direction of the periodic table, a decrease
of the covalent character of the B – I bond is observed, meaning the increase of the difference
between the electron negativity of the two atoms. As a result, the variation of the bandgap of the
group of perovskites follows the trend of AGeI3 < ASnI3 < APbI3. Also, all the Sn(II) based
perovskites show lower band gap than that of Pb(II) based perovskites. For example, the band gap
of CH3NH3PbI3 is 1.55 eV (~ 800 nm) and in CH3NH3SnI3, the optical gap is red-shifted to ~
1000 nm. Hence, Sn halide perovskites can be combined with Pb perovskites to realize NIR
absorbing perovskite solar cells.

Figure 1.4. Candidates for B cation from the periodic table of elements. Adapted from [58] with permission of the
Monatshefte fü Chemie/chemical Monthly. Copyright 2017 Springer.
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1.4.3 Influence of X Anion
Electronic absorption spectra for Pb halide perovskites shift to longer wavelength by
changing the halide from Cl to Br and I [21-26]. According to a theoretical study of the nature of
the CBM and VBM of MAPbX3, a red shift of the bandgap takes place upon proceeding down the
group (Cl→ I) due to the increase in the covalent character of the halogen bonding with the lead,
meaning a decrease of the electron-negativity of the halogen atom [27]. The optical bandgap can
be further tuned by incorporating two halides (e.g. iodide with bromide [18, 19,] or bromide with
chloride [28]) to cover almost the entire visible spectrum. But, no obvious bandgap change is
observed in the case of iodide-chloride mixed halide perovskite, indicating that the insertion of Cl
into the PbI6 octahedron is very difficult [29,30].

1.5. Perovskite Solar Cell Structures
The perovskite solar cells (PSCs) have two key device architectures, mesoscopic and planer
as shown Figure 1.5. The cells with mesoporous structure generally consists of a TCO (FTO or
ITO), a hole blocking layer or electron transport layer (ETL), a mesoporous TiO2 or Al2O3 scaffold,
the perovskite absorber, a hole transport layer (HTL) and the metal electrode (Figure 1.5. (a). The
planar heterojunction structure refers to the cell structure without mesoporous scaffold (Figure 1.5.
(b) and (c). The planar solid perovskite films are superior in charge carrier mobilities and photogenerated carrier lifetimes when compared to the mesoporous films.
TiO2 is the most widely used ETL in PSCs. Besides TiO2, metal oxides such as ZnO, SnO2,
SiO2, ZrO2, Al2O3, Al doped ZnO, La doped BaSnO3, and organic materials such as [6,6]-phenylC 61 -butyric acid methyl ester (PC61BM) or [6,6]-phenyl-C 71 -butyric acid methyl ester
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(PC71BM), PEHT, PEHT: PCBM composites, and inorganic materials such as CdSe nanocrystals
have been employed.
Au/Ag
Au/Ag

Au/Ag

HTL

ETL

Perovskite

Perovskite

Compact TiO2

Compact TiO2

HTL

Glass/TCO

Glass/TCO

Glass/TCO

HTL
Perovskite

mp-TiO2

Figure 1.5. Typical structures for perovskite solar cells.

High-performance perovskite solar cells generally employ a p-type organic small-molecule
or polymeric hole-conductor. The most widely used HTL is spiro-OMeTAD (2, 2′, 7, 7′- tetrakis(N,
N-di-p-methoxyphenyl-amine)-9, 9′-spirobifluorene although it is very expensive. P3HT (poly(3hexylthiophene-2,5- diyl) ) has a high hole mobility. Some additives are usually added to HTLs to
improve the device parameters such as short-circuit current density (Jsc) and open-circuit voltage
(Voc) [169]. Li-TFSI (Li-bis(trifluoromethanesulfonyl) imide and t-BP (4-tert-butyl-pyridine) are
often used as additives in the organic HTLs. PTAA (Poly(triarylamine)) is the most efficient
organic HTL, but it needs above 2 dopants [170] which are harmful to the device stability [171,
172].
Pristine tetrathiafulvalene derivative TTF-1, P3HT (poly(3-hexylthiophene-2,5-diyl),
P3HT/graphdiyne composite, FDT (2,7-bis(bis(4-methoxyphenyl)amino)spiro-[cyclopenta[2,1b:3,4-b]dithiophene-4,9-flurene]), PCDTBT (poly-[[9-(1-octylnonyl)-9H-carbazole-2,7-diyl]-2,5thiophenediyl-2,1,3- benzothiadiazole-4,7-diyl-2,5- thiophenediyl]), PCBTDPP (poly[N-915

heptadecanyl-2,7-carbazole-alt-3,6-bis-(thiophen-5-yl)-2,5-dioctyl-2,5-dihydropyrrolo[3,4]pyrrole-1,4-dione]),

PTB7

(thieno[3,4-b]-thiophene-alt-benzodithiophene),

poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonate acid) (PEDOT:PSS), inorganic CuI, CuO, Cu2O,
NiOx, and copper thiocyanate (CuSCN) are the other alternatives for HTL.
The most important characteristic of an ETL is that it must satisfy band alignment with the
perovskite layer, i.e. it should have lowest unoccupied molecular orbital (LUMO) and highest
occupied molecular orbital (HOMO) higher than the perovskite active layer [173]. Low and high
work function electrodes can be used at the ETL and HTL sides, respectively. Using ultraviolet–
ozone treatment of ITO substrates, with a planar junction architecture processed by a solution
method without ETL, PSC has achieved a PCE of over 14% which means ETL can be avoided
[174].

1.6. Operational Principles of Perovskite Solar Cells
PSC have been identified as a new type of solar cell with unique operational principles.
Light absorption, charge separation, charge transport, and charge collection are general solar cell
working processes. The excellent photovoltaic performance of PSC is mainly attributed to the
excellent optical properties such as direct band structure and high optical absorption coefficient.
In CH3NH3PbI3-xClx solar cells, a built in electric field is induced by the two selective
(asymmetric such as FTO and Au) contacts which can drive charge separation throughout the
photoactive layer [59]. In cases where the electrodes result in a built-in voltage that is small, the
ETL (electron transport layers) and HTL (hole transport layers) direct electron and hole flow [60].
The energy offset between the perovskite valence band and HTL valence band is responsible for
selective charge transfer [61]. It has been noted that exciton diffusion can occur both within the
bulk and at interfaces [60]. An additional beneficial feature of PSC is that there is no requirement
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for a BHJ (bulk heterojunction) due to the low exciton binding energies. Hence PCE in PSCs can
be increased by reducing energy losses due to energy level offsets which present in BHJ solar cells
because the ratio of Voc to Eg is very high [61].
In principle, the ionic compound has a permanent electric dipole moment and thus exhibits
a high dielectric constant. The dielectric constant of CH3NH3PbI3 perovskite is relatively high
because it is composed of a CH3NH3+ cation and PbX3- anion. Consequently, electric field
screening tends to reduce the Coulomb interaction between electrons and holes. Frenkel excitons
arise from organic molecules, whereas Wannier excitons originate from the inorganic molecules.
Since methylammonium lead halide perovskite contains both organic and inorganic parts,
electronic excitation can lead to Frenkel-type excitons with a high exciton binding energy and
small exciton Bohr radius; and Wannier-type excitons with a low exciton binding energy and large
exciton Bohr radius. Exciton binding energy and exciton Bohr radius of CH3NH3PbI3 are
determined to be 2 - 62 meV and 22 Å, respectively [24, 55]. Dielectric constant (ε) is estimated
to be 60. Since the Bohr radius is relatively large and the exciton binding energy is small, the
photoexcited charges of CH3NH3PbI3 exist as Wannier-type excitons. Since the exciton binding
energies are comparable to thermal energy (kBT ~ 26 meV, where kB is the Boltzmann constant
and T is the temperature) at room temperature [7], a fraction of excitons would dissociate
spontaneously back into free carriers. The excitons and free carriers co-exist, and their dynamic
populations continue to vary over their lifetimes.
The efficiency of charge extraction in PSCs depends on the ratio between the charge
separation and charge recombination rates. Photo-induced charges generate almost instantaneously
after photoexcitation and dissociate in 2 ps forming highly mobile charges (25 cm 2V-1s-1) almost
balanced electron and hole mobilities remain very high up to the microsecond timescale [5].
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Geminate recombination of the excitons (the recombination involving an electron and a hole
generated from the quenching of a single exciton) is inefficient or very slow, in tens of
microseconds due to the crystalline nature of the perovskite [5]. Trap-assisted recombination,
which is another monomolecular process, is also suppressed in CH3NH3PbX3 perovskites. At
stronger light intensities, nongeminated recombination originating from the recombination of two
free charges (i.e., bimolecular in nature) is extremely low – defying the traditional Langevin limit
by at least four orders of magnitude. Under solar light intensities (low intensity excitation), Auger
recombination (involving a three-particle process) would be strongly suppressed. Eventually, in
perovskite films without a HTL and in the absence of any charge extraction, the photoexcited
species (excitons and free carriers) undergo radiative (luminescence) or non-radiative processes
within the perovskite. Since the non-radiative pathways (geminate recombination, trap-assisted
recombination, and Auger recombination) are weak or inactive under solar light intensities,
perovskites make excellent photovoltaic materials. The high mobility is also a critical factor for
the efficient photovoltaic energy conversions, which can generate a high fill factor (FF).
The most striking aspect of the perovskite technology is the high open-circuit voltage that
the cells can generate under full sun illumination. When the sunlight irradiate a solar cell, photons
with lower than bandgap energy are not absorbed and all of the photoexcited electrons from the
above bandgap excitations relax down to the conduction band, losing their excess energy as heat.
The maximum voltage that the solar cell can generate, the open-circuit voltage, reﬂects the
maximum energy that can be extracted from any absorbed photon. The diﬀerence between the
potential of the lowest-energy absorbed photon that generates charge carriers and the open-circuit
potential under full sunlight can be considered a simple measure of the fundamental energy loss
or “loss-in-potential” in a solar cell [62]. Due to thermodynamic constraints, this minimum loss in
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energy is on the order of 250 - 300 meV (depending on the bandgap), based on the ShockleyQueisser treatment. The lowest energy absorbed photon that can contribute to free carrier
generation can be determined from the onset of the IPCE spectrum. For the CH3NH3PbI3-xClx
perovskite it is approximately 1.55 eV (800 nm), and the open-circuit voltage of the best perovskite
cells can be greater than 1.1 V, giving a loss-in-potential as low as 450 meV (including the driving
force for hole extraction ~0.2 V). The photovoltage will be determined by the diﬀerence between
the Fermi energy of the perovskite and the HOMO energy of the HTL. In Figure 1.6 the opencircuit voltage versus the optical bandgap for the “best-in-class” of most established and emerging
solar technologies is shown.

Figure 1.6. Open-circuit voltage versus optical bandgap. Reprinted with permission from Henry J. Snaith, Journal
of Physical Chemistry Letters, 2013, 4 ,21, 3623–3630. Copyright 2013 American Chemical Society.

The value of Voc for PSCs is in part determined by deep level defects which act as nonradiative recombination centers. Perovskite defects have low formation energies and shallow trap
levels [63]. This behavior, which provides low recombination rates and higher Voc values, results
from strong Pb lone pair s orbital and I p orbital antibonding coupling and high ionicity of
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CH3NH3PbI3. It follows that Pb plays a critical role in the excellent device performance of Pbcontaining PSCs.
The diﬀusion length of the charge carrier is an important parameter for assessing the
recombination probabilities in the materials. The origins of the long electron–hole diffusion
lengths stem from the combination of low charge carrier recombination rates and high charge
carrier mobilities in these perovskites. Long diffusion lengths ensure the charges migrating to the
interfaces before recombination. The interface engineering is one good way to control charge
transport and recombination.
The main factor that limit the PSC performance is the equilibrium between the series and
shunt resistance [64]. Whilst a relatively thick HTL is required to prevent leakage through
pinholes, it also increases the series resistance. Hence, HTL thickness optimization is required.

1.7. Hysteresis
Operational efficiency is the most important characteristic of a solar cell device and it has
been reported that efficiency can vary significantly depending upon the scan direction (from
reverse to forward bias or vice-versa), scan rate, amplitude of external electrical field, scanning
direction, and pre-scanning conditions. This phenomenon is termed as hysteresis and hinders the
accurate determination of a steady-state device efficiency.
The origin of the hysteresis in perovskites could be due to:
(1) Ferroelectric polarization (Hysteresis associated with the perovskite material itself)
(2) Charge trapping/detrapping
(3) Ion migration
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1.7.1. Ferroelectric Polarization
Ferroelectricity is a property possessed by a class of materials, in which the spontaneous
polarization P can be modulated by an external electrical field. The polarization originates from
non-centrosymmetric structures. Though MAPbI3 belongs to the centrosymmetric tetragonal space
group [37,65] of I4/mcm at room temperature, the reorientation of the MA group [66] and the
distortion of PbI6 cages can decrease the crystal lattice symmetry, resulting in a spontaneous
polarization [67,68]. The polarization of organometal perovskite materials has been proved both
theoretically and experimentally. The appearance of a strong dipole moment or polarization in the
bulk of perovskite materials has been reported employing density functional theory (DFT) [69,
70]. Organic CH3NH3+ molecules in perovskites are apart with each other around ~ 6 °A. Together
with their large permanent electric dipoles, the dipole–dipole interaction energy has been estimated
to be 25 meV [71]. Since this relatively low dipole–dipole interaction energy is comparable to
thermal energy at room temperature, a complex ferroelectric behavior is expected by the rotation
of these dipoles. A transition from an antiferroelectric alignment of dipoles at low temperature to
a paraelectric alignment at high temperature has been predicted by using Monte Carlo simulations
[72] and the proposal is an equilibrium ferroelectric domain structure and polarizability arising
from CH3NH3+ molecular rotation in perovskites. Due to rotation of the organic cations, the
ferroelectric domains are conjectured to vary as a function of temperature and applied electric
field. As a consequence, it can be theoretically expected that perovskites can exhibit intrinsic
ferroelectric properties. According to Berry phase calculations [70], the polarization, aligning with
the molecular dipoles, is mostly along the x axis (Px) with a value of 0.12 Cm-2 for MAPbI3. The
hydrogen bond between the -NH3 group and the halogen atom is critical for the bulk polarization.
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The dipoles of the MA cations are not perfectly aligned along the x axis, the unit cell has a small
component of polarization (~ 0.04 Cm-2) along the z direction (Pz).
In terms of experiments, x-ray diffraction (XRD) has demonstrated a lower symmetry
structure at room temperature [73], and Raman spectra has confirmed the intrinsic MA vibrational
mode which give rise to the existence of an intrinsic dipole [74]. In addition, electroabsorption
spectroscopy or Stark spectroscopy [75] has provided unambiguous quantitative evidence of
permanent dipoles in the organolead halide perovskite [76, 77].
For ferroelectricity, (1) the existence of polarization and (2) its switchability by an external
electrical field is required. For the second criterion, several groups [78, 79, 80] has demonstrated
switching of spontaneous polarizations, resulting in a piezo response hysteresis loop in both
amplitude and phase using piezoelectric force microscopy (PFM). Ferroelectric properties have
been presented by employing traditional P-E measurements on the basis of a classical SawyerTower circuit [73].
Although the existence of ferroelectricity in perovskite thin films has gained some
acceptances for the explanation of hysteresis, it still suffers from several arguments.
(1) The existence of ferroelectric property in organometal perovskite is under debate. Though, the
switching behavior of polarization has been observed [80], the field decay is very fast. Some
researchers [81, 82] claim that there is no obvious phase contrast during the positive and negative
poling process in PFM characterization. Though, some features of ferroelectricity, i.e. ‘s’ shape
during the P–E measurement, has been obtained [73], P-E hysteresis loop is not a standard one.
Therefore, this ferroelectric effect is considered too small to be convincing.
(2) The time scale of polarization switching does not agree with the one observed in I–V curve
hysteresis. Based on first-principle simulations (e.g. DFT), the time interval for polarization
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switching is in the nanosecond region [84]. Another estimation is within a millisecond range [81].
In contrast, the typical switching behavior observed in PSC is >10 s.
(3) Ferroelectric materials require an electrical field inside that is larger than the coercive field to
switch ferroelectric domains. This contradicts with the observation of stepwise I–V curve
measurements, which always exhibit a transition-like behavior [84]. Hence, although the
contribution of ferroelectricity to hysteresis is still under debate, this discussion suggests that
ferroelectric polarization may not play a dominant role in the I–V hysteretic behavior.

1.7.2. Charge Trapping/Detrapping
The degree of defect passivation significantly affects the hysteresis. The amount of defects
states inside the perovskite films are categorized as (1) defects located at the conduction
band/valence band (CB/VB) edge following an exponentially decreasing distribution and (2)
defects at deep levels within the bandgap following a Gaussian distribution [85]. The energetic
width of defect states near the band edge, i.e. Urbach energy, is very small (20 to 40 meV) which
depends on the film fabrication method [86]. The defects reside deep in the bandgap serve as trap
sites for photogenerated charge carriers. By filling and releasing charges at these trap sites, the
charge transport of photogenerated charges is modulated commensurately, resulting in a hysteretic
behavior.
These defects can be passivated by exposing to a small amount of O2 atmosphere [87],
doing surface treatments with Lewis bases such as pyridine through the reduction of recombination
centers [88, 89], the involvement of phenyl-C61-butyric acid methyl ester (PCBM) molecules [90,
91], either as an interlayer or mixed as a bulk heterojunction structure. Although the defect
passivation process significantly enhances the performance and decreases the hysteresis, it is found
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that the time interval for charge trapping and detrapping ranges within milliseconds [92], or even
nanoseconds [93], which is much shorter than the typical timescales (>10 s) for hysteretic behavior
[94]. Therefore, the observed giant switchable photovoltaic effect and slow (~ seconds range)
increase in photocurrent decay after poling cannot be explained by a charge-trapping mechanism
alone [81]. Therefore, rather than a single origin, the hysteresis has to be interpreted in terms of a
combination of factors, including (1) charge trapping/detrapping effects and (2) ion migration.

1.7.3. Ion Migration
Taking into account the time scale for hysteretic behavior and recent direct/indirect
evidence gained from, e.g. activation energy, band bending, or capacitance measurements, ionic
migration may be the dominant factor for hysteresis. Briefly, under an external electrical field,
ions are driven towards the opposite interfaces (perovskite/ETL and perovskite/HTL,
respectively). These accumulated ions result in both a change of the internal field and a modulation
of the interfacial barriers, thus giving rise to a hysteretic behavior. It has also been proposed that
ion migration alone can also explain hysteresis in perovskite solar cells without the need of a
trapping/detrapping model or ferroelectric polarization of perovskite thin films.
Also, the hysteresis depends on selective contact materials, i.e. hole and electron transport
layers (TLs) play crucial roles in this behavior, including the material and the morphology
(mesoporous or planar) of the TLs. Hysteresis almost always appears in perovskite solar cell with
TiO2 as ETL but not in solar cells with PCBM(C60) as ETL and PEDOT: PSS and Spiro-OMeTAD
as HTL. Since the conductivity of PEDOT: PSS and PCBM are comparable (0.014 and 0.016
mScm-1 respectively), the electron and hole extraction from perovskite might be similar and thus
no charge accumulates at the interface. However, the conductivity of TiO2 is 0.00006 mScm-1,
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resulting slow electron extraction from perovskite compared to hole extraction [91]. The TiO2
layer is then considered as the main reason for its hysteresis behavior. Hysteresis could be avoided
with a large grain size perovskite and a thicker capping layer above TiO2 layer pointing out the
importance of microstructure and the crystallinity of perovskites.

1.8. Stability
It is commonly accepted that the stability of perovskite solar cells includes stability against
the combination of heat, moisture, oxygen and light. Device configuration, such as the electron
and hole transporting materials also affect the stability of perovskite solar cells.

1.8.1. Effect of Moisture in the Dark
The stability studies of perovskite solar cells are mainly focused on MAPbI3 since it is the
most widely studied perovskite solar absorber. According to the current understandings of the
degradation mechanism of MAPbI3 in the dark, a hydrate form is produced as a result of exposure
to moisture [95, 96]. The degradation of MAPbI3 results in the reversible hydrate form,
MA4PbI6.2H2O, containing PbI64- octahedral [96]. The decomposition rate is highly dependent on
the humidity where the period for reaching half of the initial absorbance (τ1/2) in relative humidity
(RH) of 98, 80, 50, and 20% are estimated to be 4, 34, 1000, and 10000 h, respectively [96]. The
same phenomena has been revealed using the time-resolved XRD patterns. MAPbI3 films exposed
to moisture (~ 80% RH) tend to convert into the monohydrate form regardless of film depth,
indicating that H2O easily diffuses into the bottom of the perovskite layer along the grain
boundaries [95]. The crystal structure of 3D perovskites incorporating corner-sharing PbI6
octahedra is broken into 1D double chains consisting of two neighboring octahedra (MAPbI3.H2O,
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monohydrate form) and subsequently into 0D isolated octahedral (MA4PbI6.2H2O, dihydrate form)
by an intercalation of H2O,
4MAPbI3 + 4H2O ↔ 4[ MAPbI3.H2O] ↔ MA4PbI6.2H2O + 3PbI2 + 2H2O
According to the measurements based on the femtosecond transient absorption (TA)
spectroscopy, MAPbI3 gradually turn into hydrate form at 90% RH in the dark. However,
regardless of the exposure time, the charge carrier dynamics within 1.5 ns is constant which is
contradictory to its obvious difference observed in absorbance and XRD [97]. The unvaried
charge-carrier dynamics could be attributed to the unique defect physics of MAPbI3, with only
shallow trap states limiting trap-assisted recombination for a short time period. A device under the
same conditions although showed rapid deterioration in all photovoltaic parameters [97]. The
hydrate form is fully reversible and thus could be recovered into MAPbI3 when the hydrate film is
maintained in N2 environment for 5 - 6 h which is in accordance with the performance of device
[95]. The decreased I - V performance by exposure to ambient air (77% RH) for 3 h could be
recovered by N2 flow for 5 h [95].
An irreversible conversion into PbI2 is expected due to excess water after forming the
hydrate [96, 98] or light exposure even without excess water [95, 97, 99]. This results in a widening
of the band gap and change in surface morphology.
A further decomposition mechanism for MAPbI3 stored in ambient (298 ± 1 K, 24 ± 2%
RH) was proposed by Huang et al. A peak shift to higher 2θ by 0.228 was observed for the PbI2
XRD indicating the formation of transient phase, PbI2+xx- [100] which was attributed to the
deficiency of MA+ and I- [101]. During the formation of dihydrate form of perovskite, an
amorphous Pb(OH)2 or PbI(OH) could be produced, which is further decomposed into the transient
phase and subsequently into other Pb-based compounds (i.e., PbCO3 and PbO) based on the results
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from XRD and X-ray photoelectron spectroscopy (XPS) [100]. I-V characteristics of MAPbI3 solar
cells decreased rapidly with increasing the exposure to ambient air showing the degradation of
MAPbI3 [100].
The degradation of perovskite depends on the deposition method too. Exposure to O2 of
MAPbI3 films prepared by co-evaporation of PbI2 and MAI with accurate stoichiometric ratio is
more stable. On the other hand, exposure to moisture or ambient air of solution-processed MAPbI3
[96] induced decomposition mainly owing to H2O. MAPbI3 is not sensitive to oxygen at less than
2×1010 L (L – Langmuir, 1 L = 10-6 Torr s) oxygen exposure which is the threshold. H2O seems to
act as a n-dopant for MAPbI3, affecting the energy level [102]. Above the threshold, decomposition
of MAPbI3 results NH3 and HI as volatile species leaving PbI2, making the decomposition reaction
irreversible. Exposure to moisture makes pin holes in Spio-OMeTAD HTL too.

1.8.2. Effect of Light Coupled with Moisture and Oxygen
Based on current reports, moisture coupled with light directly lead to decomposition of
MAPbI3 to PbI2, which is an irreversible reaction. The exposure of MAPbI3 for 18 h at 60% RH,
which is expected to produce reversible hydrate in dark [95] easily form PbI2 and I2 as residues
under sunlight. Degradation was confirmed by XRD patterns clearly showing the newly developed
peaks at 34.3, 39.5, 52.4, and 38.78 corresponding to (102), (110), (004) planes of PbI2, and (201)
plane of orthorhombic I2, respectively. The proposed degradation mechanism in the presence of
water and under illumination is as follows.
MAPbI3 H↔2O MAI(aq) + PbI2(s)
MAI (aq) ↔ CH3NH2(aq) + HI(aq)
4HI (aq) + O2 ↔ 2 I2 (s) + 2H2O
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hν

2HI (aq) ↔

H2 (g) ↑ + I2 (s)

In other words, moisture initiates the degradation of perovskite, while oxygen and light
help to move the reaction forward.
The effect of UV radiation in Ar or air on MAI degradation was confirmed by exposure of
MAI to each condition, where MAI is converted to I2 in the presence of both light and air
containing moisture [103]. The MAPbI3-xClx prepared using PbCl2 instead of PbI2 shows a similar
decomposition process by moisture [98].
The stability of MAPbI3-xClx perovskite devices under one sun illumination [104] is
strongly dependent on the O2 concentration under the given condition (one sun light illumination
at 40 - 45 °C in dried air with minimal 10 - 30 ppm of H2O). According to the study, the PCE was
degraded to 70 % in 24 h in the presence of 1 vol % O2. PCE was degraded rapidly to 70 % within
2.7 h in the presence of 10 vol % O2 showing the acceleration of degradation with increasing with
O2 concentration. It is suggested that a relatively low O2 exposure (less than 5 vol % O2 for 12 h)
induce charge barriers at the interface of the perovskite, which reduce the charge extraction. The
gradual reduction of short-circuit photocurrent density (JSC) and PCE under 1 vol % O2, can be
recovered by removal of O2 (filled with 100 % N2). Hence, the perovskite cannot be completely
damaged by O2. The degree of photooxidation is strongly depend on the electron density in the
perovskite. The degradation mechanism by O2 coupled with photogenerated electrons is proposed
as follows.

MAPbI3 + O2

Deprotonation
hν

CH3NH2 + PbI2 + ½ I2 + H2O

Moisture-exposed MAPbI3 single crystals also undergo a hydration reaction. However, this
process is significantly faster in thin films compared to single crystals, because of their abundant
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grain boundaries enable a faster and a higher degree of penetration of water molecules [95]. The
hydrogen bonding interactions between the organic cation and halide ions of the perovskite lattice
provide structural stability [74]; however, calculations have shown that the polar water molecules
readily intercalate into the perovskite lattice because of their ability to form strong hydrogen bonds
to the lattice iodides and, to a lesser extent, the methylammonium cations [105]. According to
another proposed degradation mechanism, halide-to-metal charge transfer undergone upon light
absorption lessens the charge density at the X sites, thereby weakening the CH3NH3···X hydrogen
bonding interactions and causing an increased rate of degradation under illumination in a humid
atmosphere [106, 97].

1.8.3. Effect of Heat
MAPbX3 (i.e., CH3NH3PbCl3, CH3NH3PbBr3 and CH3NH3PbI3) are known to undergo 1st
order phase transitions [52,108]. In particular, CH3NH3PbI3 undergoes a tetragonal to cubic phase
transition at ~327 K (or ~54 °C). This cubic–tetragonal transition results in the methylammonium
ions exhibiting a disordered character while the PbX6 octahedron exhibits a displacive character
[108, 109]. Since the phase transitions involve a volume change, it is pertinent to investigate
whether infiltrating the perovskite within mesoporous layers can improve temperature stability.
Reports on long term device performance tests are few, with 500 h stabilities under constant
illumination being reported by Gratzel and coworkers [110]. Snaith and coworkers have reported
performance data for 1000 h in MSSCs and have pointed towards UV induced changes in TiO2
based solar cells due to desorption of surface-adsorbed oxygen [111]. Systematic studies on the
degradation mechanisms (including the hole transport layers) are required to manage the lifetimes
of perovskite solar cells.
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According to the international standards (IEC 61646 climatic chamber tests), long-term
stability at 85°C is required for photovoltaics. According to density functional theory (DFT)
calculations, thermal energy at 85°C corresponding to 0.093 eV, which is considerably close to
the formation energy of MAPbI3 (0.11 - 0.14 eV) suggests instability of MAPbI3 at continuous
exposure to 85°C [112]. Table 4 lists the decomposition temperature and the stable temperature of
several currently used perovskite materials.

Table 1.4. Decomposition temperature and the stable temperature of several perovskite materials.
Compound

Decomposition

Perovskite phase stable/forming

temperature(°C)

temperature(°C)

240 (single crystal)
55
MAPbI3

85 (thin film)

MAPbBr3

257(single crystal)

HC(NH2)2PbI3

~70

320-360 (single crystal)

185(single crystal), < 150 (thin film)

CsPbI3

> 460

> 300

CsPbBr3

> 460

> 130

While the bulk single crystal MAPbI3 starts to decompose when the temperature is above
240 °C, this temperature drops to around 85 °C for polycrystalline thin films [113]. According to
the thermal stability investigations, heating of MAPbI3-xClx at 85°C for 24 h made degradation of
MAPbI3-xClx in N2 and O2 atmosphere, which was not noticeable from XRD pattern but evidenced
by optical characterization, conductive atomic force microscopy (C-AFM), and scanning
transmission electron microscopy (STEM). MAPbI3 decomposes to PbI2 in vacuum (excluding the
effect of H2O and O2) also and the extent of decomposition increases with increasing temperature
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under the vacuum from 27 to 100 °C and to 200 °C (the temperature was maintained for 20 min),
where the ratio of MAPbI3 to PbI2 changed from 85:15 to 70:30 and to 0:100, respectively, as
estimated by I/Pb and N/Pb ratios obtained from hard X-ray photoelectron spectroscopy
(HAXPES) [98]. In addition, a simultaneous X-ray beam irradiation with heating caused further
degradation of PbI2 into Pb and I2, showing an evolution of peak at 137.0 eV corresponding to the
binding energy of Pb0 [Eqs. (8–9)].
MAPbI3 → PbI2 + CH3NH2 ↑ + HI ↑
PbI2 → Pb + I2 ↑
The degradation temperature is highly dependent on the degree of vacuum assuming that
much slower degradation occurs at ambient pressure compared to the high vacuum condition even
at the same temperature [114, 115].
The combined effect of heat and sunlight on stability was examined by exposure of
perovskite to 100 suns concentrated sunlight. The optical absorption of encapsulated MAPbI3
exposed to 100 suns was mostly maintained for 60 min at 25 °C, whereas MAPbI3 started to
degrade at slightly increased temperatures up to 45 - 55 °C [116]. But, the heat treatment in a
similar manner in the dark caused infinitesimal degradation or decomposition effect on MAPbI3.
Hence, the photo-induced degradation is further facilitated by heating, underlying the combined
effect. Compared to MAPbI3, MAPbr3 is more stable under similar conditions, which might be
attributed to increased bond strength and more stable cubic structure [25, 117, 118, 120]. The
higher stability of MAPbBr3 suggests the possibility to chemically engineer the perovskite to
enhance its intrinsic stability.
One of the strategies to solve the thermal stability problem is to add a small amount of MA
into FAPbI3, and thus forming (MAFA)PbI3 to make use of the stronger dipoles in MA to
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strengthen the interactions between the MA cation and the inorganic PbI6 octahedral cage, hence
enhances the stability. When 17 % of MA is added into FA to form MA0.17FA0.83PbI3, no phase
change takes place from 25 to 250 °C [121]. As Br is one atomic period ahead of I, Br could form
a stronger bond with Pb, hence addition of Br to replace some I is expected to further enhance the
stability. Further incorporation of bromide into this system forms a stable black phase
MA0.15FA0.85Pb(Br0.15I0.85)3 (measured up to 150 °C) [122]. However, the addition of MA in
FAPbI3 does not necessarily solve the long- term stability problem as MAPbI3 itself has an inherent
decomposition problem at about 85 °C. Mixing FA with Cs forms more stable FA0.9Cs0.1PbI3[123].
Adding Cs into FAPb(IBr)3 forms FA0.83Cs0.17Pb(I0.6Br0.4)3[124]. At 130 °C for up to 6 h, no
change is observed in optical band gap and the crystal lattice. Extending this idea to its extreme,
effectively replacing all FA with Cs in the compound to form CsPb(I2Br) [125], produces a stable
absorbance for 270 min at 85 °C in a relative humidity of 20 - 25%. Prolonged exposure to ambient,
hours or days depending on humidity, this compound still instigated degradation into nonperovskite (yellow) phase. However, the commonly used perovskite, MAPbI3, is inherently
thermodynamically unstable, regardless of the humidity or oxygen in the atmosphere. Substituting
iodine with bromine or chlorine makes it more stable (negative to positive, i.e., exothermic changes
to endothermic). However, the quantum of the endothermic value is still too small even completely
replacing I with Br. Accordingly, it is unpromising to stabilize MAPbI3 with partial or even
complete replacement of I with Br.
Exposure of Ag top electrode to humidity, light, and heat induces the formation of AgI.
TiO2 is highly unstable against the UV light. Photo-induced hole and oxygen radicals in TiO2
generate surface oxygen vacancies, which induce deep surface traps hence act as charge
recombination centers reducing efficient charge collection.
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1.9. Ferroelectric Nanocomposites
Credit for discovering ferroelectricity goes to Joseph Valasek for his systematic study of
the magnetic properties of ferromagnetics and dielectric properties of Rochelle salt, which he
presented at the annual meeting of the American Physical Society in Washington on 23rd April
1920 [126, 127]. In ferroelectrics, there must be a bistable spontaneous electrical polarization that
can be reversed, repeatedly, by an opposing electric field to produce a polarization hysteresis [127,
128]. Reversibility of the spontaneous polarization is an essential requirement to be a ferroelectric
material.

P
Pm
Pr

EC

E

0

Figure 1.7. Typical hysteresis curve of a ferroelectric material.

Spontaneous polarization occurs in ferroelectric materials whose crystal structure exhibits
electrical order without the help of an external electric field. It is believed that the driving force of
spontaneous process is a thermodynamic free energy that leads the system into a lower energy
state, which is thermodynamically stable. Below the Curie temperature these materials exhibit
spontaneous polarization Ps and display hysteresis effects of polarization versus electric field E.
The important characteristics of a polarization loop are, maximum polarization Pm, polarization
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value at zero field the remnant polarization Pr, and the coercive field Ec which is the electric field
value when the polarization is zero. Above the Curie temperature, spontaneous polarization
disappears and the polarization response becomes linear - this state is called a paraelectric state.
Among 32 classes of crystals based on the degree of symmetry, only ten noncentrosymmetric
crystals exhibit spontaneous electrical polarization, that is, they have a permanent dipole moment
per unit volume in the direction of polar axis [129]. Ferroelectrics have recently attracted attention
as a candidate class of materials for use in photovoltaic devices [130-136].
Size and dimensionality play a critical role in determining the ferroelectric characteristics
of a material at the nanoscale, due to different ways in which dipoles align in ferroelectric crystals
[204]. The scaling of a ferroelectric into “nano” dimensions results in an increase in the
materials surface area, at which point surface charges play a dominant role in determining
the polarization of the nanomaterial. Since ferroelectricity is a cooperative phenomenon caused
by the arrangement of charge dipoles within a crystal structure, an increase in surface area
by nanostructuring could trigger immense changes in the long- and short-range ordering
of dipoles such as depolarization field inside a material. These changes could alter some of
the ferroelectric functionality, such as phase transition temperature or Curie temperature (TC),
domain dynamics, dielectric

constant,

coercive field,

spontaneous

polarization,

piezoelectric response, etc., at the nano scale [137-145]. In short, low dimensional
ferroelectrics show marked deviations in their properties compared to their bulk
ferroelectric counterparts, mostly due to the great enhancement of surface area. Since the
surface characteristics of nanostructures are morphology and size dependent, the type of
nanostructuring used in ferroelectrics must be based on the dependence of some parameter
related to the ferroelectric functionality under consideration. This parameter could be
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crystallinity, alignment, ordering or even surface modification of the ferroelectric
nanostructures under consideration [146].

1.9.1. Barium Titanate (BaTiO3 or BTO) Nanoparticles
Ferroelectricity in barium titanate (BaTiO3 or BTO) was discovered in early 1940s.
BTO has the perovskite crystal structure, which has the general formula ABO3, where A represents
a divalent metal ion (barium) and B represents tetravalent metal ions (titanium in this case). Above
the Curie temperature (TC), the crystal has a cubic (C) symmetry, a centrosymmetric
microstructure where the positive and negative charges coincide. Bulk BTO transforms to the
tetragonal (T) phase, the orthorhombic (O) phase, and the rhombohedral (R) phase, which are all
ferroelectric, when the temperature decreases to 130 °C (Tc), 5 °C, and -75 °C, respectively [147].
Nano-sized BTO has size-dependent physical properties as compared with the bulk BTO.
With decreasing of the size of BTO nanoparticles, the Curie temperature for phase transition from
the cubic phase to the tetragonal phase decreases, and the phase transition temperatures from the
tetragonal phase to the orthorhombic phase and the orthorhombic phase to the rhombohedral phase
increases [147]. As shown in Figure 1.8, over the grain size range of 50 – 800 nm, the transition
temperatures show a steady decrease with grain size of about 12 °C for the C/T transition, in
contrast to a steady increase of a similar amount for the T/O transition and about 20 °C for the O/R
transition. The temperature for the C/T transition of 50 nm BTO nanoparticles (115 °C) agrees
with that reported Curie temperature of BTO nanoparticles [148].
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Figure. 1.8. Temperatures of C/T, T/O and O/R transitions versus grain size of BTO nanoparticles. Adapted from
(147) with permission of the Journal of Advanced Ceramics. Copyright 2015 Springer.

A consequence of nanostructuring ferroelectric materials is the appearance of a critical size
limit, below which spontaneous polarization cannot be sustained in a ferroelectric material [141,
149]. Various methods have been applied to obtain the critical size of BTO nanoparticles, both
theoretical and experimental approaches and the critical size involves a wide range as listed in
Table 1.5. The theoretical calculations are based on a perfect crystal as an object, while
experimental objects are aimed at as-prepared nanosized samples, which are not monodisperse and
inevitably comprise defects, surface charges and impurities. In addition, the effect of the device
sensitivity and calculation error on the value cannot be neglected. Thus, theoretically predicted
values, in fact, are often smaller than the experimental ones.
Processing conditions have a considerable influence on the physical properties of
ferroelectric ceramics. Grain size dependent ferroelectric properties of BaTiO3 have been
extensively studied for decades. Remnant polarization Pr shows diverse grain size effects
depending on the particle size of the nanoparticle and sintering temperature. Domain wall density
is the main factor which is responsible for the different grain size dependent ferroelectric
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properties, but there are other factors such as back fields and point defects. In cases where point
defects are not the dominant contributor, the remnant polarization Pr, and maximum polarization
decrease with decreasing grain size [161].

Table 1.5. Summary of the critical sizes obtained through different methods.
Critical size Type of BTO

Method

Reference

80 nm

Nanopowder

TEM analysis

S. Tsunekawa et al.151

58 nm

Nanopowder

Dielectric property analysis

S. Wada et al.152

37-49 nm

Nanopowder

Differential scanning calorimetry Y. Park and S. Schlag et al.153,154

10 - 30 nm

Nanopowder

Ferroelectricity analysis

Z. Zhao et al.155

16 nm

Nanopowder

Core/shell model

Y.K.S. Aoyagi et al.156

12 nm

Nanopowder

Thermal expansion

M. Han et al.157

Sub – 10 nm

Nanopowder

Raman Scattering

J. Zhou et al.158

5.2 nm

Nanopowder

LGD Theory

T. Sun et al.159

5.0 nm

Nanoparticles

Raman spectra and dielectric
X. Wang et al.147
property analysis
3.6 nm

Nanoparticles

J. Mangeri et al.160

Simulations

The spontaneous polarization of barium titanate single crystals at room temperature is
about 26 μCcm-2[162]. For the bulk BTO, remnant polarization (Pr), maximum polarization, and
coercive field (Ec) values are 14.5 μCcm-2, 23.4 μCcm-2 and 22 kVcm-1 respectively [161]. For
nanoparticles, the reported values are remarkably different from one report to another. For 300 nm
particles, Pr = 2.04 μCcm-2, a maximum polarization of 8.42 μCcm-2, and Ec = 10 kVcm-1 at 2 kV
[163]. For 100 nm BaTiO3 nanoparticles, Pr = 0.017 μCcm-2, Ec = 0.12 kVcm-1, and saturated
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polarization value of 0.1 μCcm-2 are reported at an electric field of 1 kVcm-1[164]. For 50 nm
nanoparticles, Ps = 7.6 μCcm-2, Ec = 4.9 kVcm-1, and Pr = 2.7 μCcm-2[165] and Ec = 32 kVcm-1
and Pr = 2.2 μCcm-2 values are reported [166]. For ~27 nm nanoporous BaTiO3 particles Pr = 0.61
μCcm-2 is reported [167].
Band gap narrowing is observed of BTO nanoparticles with decreasing particle sizes due
to presence of strain and electron -phonon interactions within BTO nanoparticles. While the
bandgap of 54 nm BTO nanoparticles is reported to be 2.53 eV, the bandgap of bulk BTO is 3.2
eV [168].

1.10. Research Objective
As discussed above, the newly discovered perovskite phase of CH3NH3PbI3-xClx is
currently under intense investigation by multiple groups in the world for the unique properties it
offers for solar energy harvesting. The standard synthesis method of CH3NH3PbI3-xClx perovskite
precursor solution is mixing the powder of methylammonium iodide (MAI) with lead chloride
(PbCl2) at the 3: 1 molar ratio in Dimethylformamide (DMF). But MAI is commercially not
available and one must synthesize it first, which is a tedious process involving multiple steps. Also,
the chemicals being used to synthesize MAI (hydroiodic acid and methylamine) are quite
expensive. Therefore, this work was driven by searching for a low cost, convenient new synthesis
method. In this work a single-step solution approach to prepare perovskite CH3NH3PbI3-xClx thin
ﬁlms by the direct reaction of the commercially available CH3NH3Cl (or MACl) and PbI2 will be
presented. Optimum growth parameters will be identified.
And in this dissertation research, a novel device structure that consists of CH3NH3PbI3-xClx
perovskite solar absorber and BTO ferroelectric nanoparticles is investigated for solar energy
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harvesting. A simple model will be developed to guide optimum BTO nanoparticle concentration
in BTO: CH3NH3PbI3-xClx nanocomposites. Perovskite solar cells will be fabricated with and
without BTO nanoparticles including TiO2 as ETL and P3HT with additives as HTL on FTO
coated glass substrates. Efficient carrier generation of CH3NH3PbI3-xClx perovskite coupled with
possible electric fields generated by ferroelectric nanoparticles will be investigated.

1.11. Dissertation Outline
Chapter 2 describes the experimental and standard characterization techniques used in this
work. It describes aerosol assisted chemical vapor deposition and other standard perovskite thin
films deposition techniques as well. The chapter covers all the material characterization techniques
used throughout this work and their basic operational principals. The development of a novel
growth process to deposit CH3NH3PbI3-xClx perovskite thin films is described in chapter 3. Chapter
4 describes the growth and characterization of BTO: CH3NH3PbI3-xClx nanocomposite films. A
model is developed in chapter 5 to estimate the optimum nanoparticle concentration in BTO:
CH3NH3PbI3-xClx nanocomposites.

Chapter 6 presents fabrication and characterization of

perovskite solar cells with and without BTO nanoparticles. Summary of the results, conclusions,
and future directions are described in chapter 7.
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CHAPTER 2
Experimental Techniques

2.1.

Thin Film Deposition
Chemical bath deposition, dip coating. spin coating, curtain coating, slot-die coating, knife-

over-edge coating, spray coating, off-set coating, doctor blading, brush painting, roll-to-roll
printing, screen printing, ink-jet printing, gravure printing, pad printing, flexographic printing, and
rotary screen printing are a few techniques being used to fabricate solution-processed solar cells.
The characteristics of fabricated films such as film morphology, density, crystallinity, roughness,
and structure depend on the technique being used. It is important to have a uniform, dense, and
pinhole- free perovskite film to achieve a high PCE and reproducibility from PSCs as the
performance of PSCs mainly depend on the perovskite layer. If the solar absorber layer is too thin,
the light absorption is poor. On the other hand, the charge carrier recombination is too high if the
absorber layer is too thick since carriers have to travel a longer distance to reach the contacts.
Single-step precursor solution deposition [175], two-step precursor solution deposition
[110], vapor assisted solution deposition [42], and thermal vapor deposition [178] are the widely
used fabrication techniques (Figure 2.1) in fabrication of organometal lead halide perovskites.
The single-step precursor solution deposition method is the most popular method due to its
simplicity. In the single-step precursor solution deposition process, the precursor solution is
prepared by dissolving organic halides [methylammonium iodide (MAI)] and lead halides (PbX2,
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X = Cl, Br, I) in dimethylformamide (DMF), dimethyl sulfoxide (DMSO), or gammabutyrolactone (GBL).

Figure 2.1. (a) single-step solution deposition, (b) two-step solution deposition, (c) two-step hybrid deposition, and
(d) thermal vapor deposition. Reproduced from [179] with permission from 2016, Society of Photo-Optical
Instrumentation Engineers (SPIE).

After thin films are prepared by spin coating or spray coating, post deposition annealing is
required between 100 to 150 °C. Device performance depend on the growth temperature of the
perovskite, precursor composition, thickness of each layer [the electron transport layer (ETL), the
perovskite layer, the hole transport layer (HTL)], annealing time and temperature, the
environmental conditions (humidity, oxygen), and type of solvent and substrate. The best reported
efficiency using single-step solution deposition process is 19.7 % [180] by 2016.
The two-step solution deposition method was first employed by Mitzi in 1998 [181]. In
this method, the PbI2 is deposited in DMF solution then transformed in to the MAPbI3 perovskite
by dipping in MAI/iso-propanol precursor solution followed by annealing. The two-step solution
deposition method yields better perovskite morphology compared to single-step solution
deposition hence high efficiency devices can be fabricated. By varying MAI concentration, large
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grain perovskite thin films can be fabricated, but the drawback is poor surface coverage. Another
issue in this method is incomplete perovskite conversion. So far, the best cell efficiency by the
two-step solution deposition method is 20.2 % [170].
The vapor assisted solution deposition was first reported by Yang in 2014 [178]. The only
difference between this method and two-step solution deposition method is, MAI is introduced in
the vapor phase rather than in the solution phase. The deposited thin films yield better surface
coverage, large grain sizes, and complete perovskite conversion. The champion device efficiency
from this method is 12.1% [178].
The thermal vapor deposition was reported by Salau to fabricate perovskite thin films in
1980 [184]. In this method, CH3NH3PbI3-xClx perovskite is deposited with evaporation of MAI
and PbCl2(or PbI2) simultaneously from two separate sources. This method is capable of
fabricating extremely uniform perovskite thin films without pin holes. The best reported efficiency
is 15.4 % [42]. Chemical vapor deposition, layer by layer sequential vacuum deposition are similar
vapor deposition techniques. The vapor deposition requires advanced and expensive equipments.

Figure 2.2. Solution processing techniques. Reproduced from [179] with permission from the Science and
Technology of Advanced Materials.
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Doctor blading, ink-jet printing, screen printing, and slot-die coating have been employed
to fabricate large scale PSCs. In doctor blading process, the substrates are held at an elevated
temperature (~ 125 °C) during the coating process, and the thickness of the resultant perovskite
films is controlled by varying the perovskite precursor solution concentration and depth of the
blading channel. By controlling the stoichiometry and thickness of the active perovskite layer, a
peak PCE of 15.1% [186] has been achieved. Material waste is minimal in the doctor blade
deposition technique.
Ink-jet printing is a material-conserving and faster deposition technique. Ink-jet printing
was first reported in planer PSCs by Wei st al. [187], in 2014 with a precisely controlled pattern
and interface, where ink constituted from carbon and MAI transformed PbI2 to MAPbI3 in situ,
creating an interpenetrating interface between MAPbI3 and a C electrode with minimal charge
recombination. The efficiency of carbon-based planar FTO/ TiO2/MAPbI3/C PSCs is 11.6%. Mei
et al. [188] reported a fully printable PSC with a PCE of 12.8%, where they used a double layer of
mesoporous TiO2 and ZrO2 as a scaffold infiltrated with perovskite, without requiring a holeconducting layer. The devices were stable for more than 1000 h in ambient atmospheres under full
sunlight. Compared to other scalable techniques, inkjet printing is valuable in that it can even print
the top metal electrode and does not require any high vacuum-processing step [189].
Screen-printing was employed by Zhang et al. [190] to fabricate hole conductor free
mesoscopic PSC and achieved a PCE of 11%. It used mesoporous graphite/ carbon black counter
electrodes using flaky graphite of varied sizes.
Slot-die coated PSCs was reported by Hwang et al. [191] (ITO/ZnO/MAPbI3/ P3HT/Ag)
using a 3D printer. To prevent the formation of overgrown crystals as well as pinholes, they
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employed an external N2 gas-quenching effect to control the drying of PbI2 films, thereby resulting
in a peak PCE of 11.96%.
Chemical bath deposition (CBD) another direct growth technique, where the growth
strongly depends on the duration of deposition, controlled composition and reaction of reagents in
solution. The CBD technique has been used to deposit high-quality TiO2 layers at room
temperature for high-performance PSCs [192]. One of the major advantages of CBD is that it
yields highly uniform and reproducible films.

2.1.1. Aerosol Assisted Chemical Vapor Deposition
In this work, Aerosol Assisted Chemical Vapor Deposition (AACVD) was used to fabricate
highly crystalline CH3NH3PbI3-xClx perovskite thin films.

Micro Droplets
(4-5 µm)

Atomization
with Mesh
Nebulizer

Micro Droplets Evaporate and/or Decompose
on the Substrate Making Precursor Vapors

Surface
Reaction

Precursor
Solution

Micro-Particle
Coating

Heated Substrate

- PbI2
- CH3NH3Cl

Figure 2.3. Aerosol Assisted Chemical Vapor Deposition

Chemical vapor deposition (CVD) is a chemical process used to produce high quality,
high-performance, thin films in the semiconductor industry. In a typical CVD, the substrate is
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exposed to one or more volatile precursors, which react and/or decompose on the substrate surface
to produce the desired deposit. AACVD is a variant of traditional CVD. The main step of AACVD
is the atomization of a liquid precursor solution into aerosol droplets. Ultrasonic vibrating crystal
nebulization, vibrating mesh nebulization, aerosol jet nebulization, liquid jet atomization, air
assisted atomization, surface instabilities atomization, and electrostatic atomization are a few
techniques that can be used for the atomization. Then, microdroplets are transported to the heated
substrate by a carrier gas. On or near the heated substrate, the micro droplets undergo rapid
evaporation and/or decomposition, forming the precursor vapors. These precursor vapors react and
decompose to form the desired product on top of the heated substrate.
The solvent must have a low vapor pressure, low viscosity, and the solute must be highly
soluble in the solvent as well. AACVD is a low cost thin film deposition method since aerosol
generation and transportation is a simple process. And most importantly it enables deposition of
multi component materials with controlled stoichiometry. Since the diffusion distance between
reactants is less, thin films can be rapidly deposited at a lower temperature. Therefore, it is an ideal
technique to fabricate low-temperature solution processed perovskite thin films.

Substrate
Holder

N2 gas

N2 gas

Nebulizer
to Vacuum
pump

Precursor
Solution

Figure 2.4. Schematic diagram of Aerosol Assisted Chemical Vapor deposition system.
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The Aerosol Assisted Chemical Vapor Deposition system that was used in this project is a
custom-made system at LAMSAT. The schematic diagram of the experimental apparatus is shown
in Figure. 2.4. Films were deposited on glass substrates. First the precursor is nebulized into 4-5
µm aerosols and injected into the deposition system using nitrogen as the carrier gas. The substrate
was mounted on a heating block that was placed 6 cm in front of the nozzle and the pressure of the
deposition chamber was kept at 550 Torr. A heater bulb can be used to heat the substrate up to 500
°C. The effect of growth temperature and precursor concentration on structural and optical
properties of perovskite thin films were studied.

Figure 2.5. Photograph of Aerosol Assisted Chemical Vapor Deposition system.

2.1.2. Spin Coating
Spin coating is a well-established laboratory method to deposit organometal halide
perovskite precursor solutions onto substrates resulting in high quality thin films with thickness of
the order of micrometers and nanometers. The pioneering analysis of spin coating, the spreading
of a thin axisymmetric film of Newtonian fluid on a planner substrate rotating with constant
angular velocity was performed by Emil et al [193] over 50 years ago. The precursor solution is
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deposited at the center of the substrates. Spinning of the substrate at high velocity (up to 10,000
rpm) causes centrifugal acceleration and thus, spreading of the fluid outwards to the edge of the
substrate and forms a thin film of a relatively uniform thickness. The final film thickness depends
not only on the nature of the fluid in terms of viscosity, drying rate, solid concentration and surface
tension, but exclusively on the spinning parameters such as spinning speed, acceleration, fume
exhaust, and time interval. Subtle variations in these parameters can result in drastic variations in
the coated film. The range of the film thickness can be achieved by spin coating is 1 – 200 µm.
One of the important property in spin coating is its repeatability.
The spin coating can be broken down into several key stages; fluid dispense, spin-up, stable
fluid out flow, and finally evaporation dominated drying with spin-off. Stable fluid outflow and
evaporation are the two stages that have the most impact on final coating thickness and must be
occurred simultaneously throughout all times. However, at an engineering level the viscous flow
effects dominates early on while the evaporation processes dominate later.
There are two common methods of dispense, mainly Static dispense and Dynamic dispense. In the
Static dispense a small puddle of fluid is deposited on or near the center of the substrate. This can range
from 1 to 10 ml depending on the viscosity of the fluid and the size of the substrate to be coated. Higher
viscosity and or larger substrates typically require a larger puddle to ensure full coverage of the substrate
during the high-speed spin step [205]. Dynamic dispense is the process of dispensing while the substrate is
turning at low speed. A speed of about 500 RPM is commonly used during this step of the process. This
serves to spread the fluid over the substrate and can result in less waste of resin material since it is usually
not necessary to deposit as much to wet the entire surface of the substrate. This is a particularly
advantageous method when the fluid or substrate itself has poor wetting abilities and can eliminate voids
that may otherwise form. After the dispense step, it is common to accelerate to a relatively high speed to
thin the fluid to near its final desired thickness. Typical spin speeds for this step range from 1500-6000
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RPM, again depending on the properties of the fluid as well as the substrate. This step can take from 10
seconds to several minutes. The combination of spin speed and time selected for this step will generally
define the final film thickness [205].
In general, higher spin speeds and longer spin times create thinner films. The spin coating process
involves a large number of variables that tend to cancel and average out during the spin process and it is
best to allow sufficient time for this to occur. A separate drying step is sometimes added after the highspeed spin step to further dry the film without substantially thinning it. This can be advantageous for thick
films since long drying times may be necessary to increase the physical stability of the film before handling.
Without the drying step, problems can occur during handling, such as pouring off the side of the substrate
when removing it from the spin bowl. In this case, a moderate spin speed of about 25% of the high-speed
spin will generally suffice to aid in drying the film without significantly changing the film thickness. Each
program on a spin coater may contain up to ten separate process steps. While most spin processes require
only two or three, this allows the maximum amount of flexibility for complex spin coating requirements.

Although, most of the recent research efforts in the perovskite solar cells field have focused
on spin coating due to the film homogeneity and low defect density that this technique enables,
spin coating is not scalable to large volume production. Each substrate has to be handled
individually, patterning the layers would require costly subtractive patterning steps like
lithography, waste of the applied solution are other drawbacks of this technique. Spin coated cells
with high power conversion efficiencies over 20 % have been reported.
In this work, Specialty Coating Systems, Inc Model P6700 series spin coater which is
located at ISA 5058 in the USF’s Physics department was used to fabricate thin films of TiO2 as
ETL (Electron Transport Layer) and P3HT with bis(trifluoromethane)sulfonimide lithium salt
and tert-butylpyridine (t-BP) additives as HTL (Hole Transport Layer).
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Figure 2.6. Photograph of Specialty Coating Systems, Inc Model P6700 series spin coater.

2.2.

Electrode Deposition
The formation of a stable, reproducible, low resistance back contact is one of the major

problems in the fabrication of efficient solar cells. Sputtering tends to deposit material more slowly
than evaporation. But one of the major drawbacks of sputtering is possibility of causing damages
to subsequent layers because it uses a plasma, which produces many high-speed atoms that
bombard the substrate. In the evaporation process, evaporated atoms have a Maxwellian energy
distribution, determined by the temperature of the source, which reduces the number of high-speed
atoms. Therefore, thermal evaporation is more suitable and a standard technique to deposit back
electrodes on solar cells.

2.2.1. Thermal Evaporation
Evaporation is the most widely used technique to deposit electrodes in solar cells. The
source material is evaporated in a vacuum. The vacuum allows vapor particles to travel directly to
the target object (substrate), where they condense back to a solid state. Evaporation involves two
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basic processes: a hot source material evaporates and condenses on the substrate. Since the
evaporation takes place in a vacuum, vapors other than the source material are almost entirely
removed before the process begins. In high vacuum (with a long mean free path), evaporated
particles can travel directly to the deposition target without colliding with the background gas. At
a typical pressure of 10−4 Pa, an 0.4 nm particle has a mean free path of 60 m. Hot objects in the
evaporation chamber, such as heating filaments, produce unwanted vapors that limit the quality of
the vacuum. Evaporated atoms that collide with foreign particles may react with them; for instance,
if aluminum is deposited in the presence of oxygen, it will form aluminum oxide. They also reduce
the amount of vapor that reaches the substrate, which makes the thickness difficult to control.
Evaporated materials deposit nonuniformly if the substrate has a rough surface. Because the
evaporated material attacks the substrate mostly from a single direction, protruding features block
the evaporated material from some areas. This phenomenon is called "shadowing" or "step
coverage." When evaporation is performed in poor vacuum or close to atmospheric pressure, the
resulting deposition is generally non-uniform and tends not to be a continuous or smooth film.
Any evaporation system includes a vacuum pump and an energy source that evaporates the
material to be deposited. In the thermal method, metal material (in the form of wire, pellets, shot)
is fed onto heated semimetal (ceramic) evaporators known as "boats" due to their shape. A pool of
melted metal forms in the boat cavity and evaporates into a cloud above the source. Alternatively
the source material is placed in a crucible, which is radiatively heated by an electric filament.
In this work, a custom made thermal evaporator which is located at ISA 5058 in the USF’s
Physics department was used to deposit Cu electrodes on fabricated perovskite solar cells for I-V
measurements and on BTO: CH3NH3PbI3-xClx nanocomposite thin films for P-E measurements.
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Figure. 2.7. Photographs of custom-made thermal evaporator at LAMSAT.

2.3.

Structural Characterization
Structural characterization is used to identify the optimum growth conditions of grown thin

films. It is also used to investigate the micro structural properties such as crystallinity and surface
morphology. These characterization techniques include x-ray diffraction(XRD), scanning electron
microscopy(SEM),

energy

dispersive

x-ray

spectroscopy(EDS),

transmission

electron

microscopy(TEM), and profilometry. Of these, x-ray diffraction and scanning electron microscopy
were mostly utilized. Organolead halide thin films were structurally characterized using XRD and
SEM to study the effect of concentration and growth temperature on the crystallinity and grain size
of perovskite thin films. Perovskite: BTO nanocomposites were structurally characterized to study
the effect of BTO concentration on the crystallinity of the perovskite thin films. Crystal structure
of grown thin films was determined from the X-ray Diffraction(XRD). Surface morphology of the
thin films was studied using the Scanning Electron Microscopy(SEM). Chemical composition was
identified by the Energy Dispersive X-ray Spectroscopy(EDS).
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2.3.1. X-ray Diffraction
A region of matter within which the atoms are arranged in a three dimensional
translationally periodic pattern is a crystal and the word crystal was used by the Greeks as early as
400 B.C. The orderly arrangement of atoms that constitute a crystal is known as the crystal
structure. X-ray diffraction is the most extensively studied and used technique for materials
characterization. X-rays were discovered by Roentgen in 1895 and x-ray diffraction by crystals
was discovered in 1912 by Max von Laue. When crystalline and molecular structures are exposed
to x-rays, diffraction effects can be observed since inter-atomic distances in crystals are on the
order of 1 to 5 °A. X-ray diffraction methods are a family of non-destructive analytical techniques
which reveal information about the crystallographic structure, chemical composition, and physical
properties of materials and thin films. These methods are based on observing the scattered intensity
of an x-ray beam hitting a sample as a function of incident and scattered angle, polarization, and
wavelength or energy [194]. X-rays are classified as electromagnetic waves with energies ranging
from about 100 eV to 10 MeV (wavelength ranging from about 10 to 10-3 nm), which are different
from the radio waves, light, and gamma rays in wavelength and energy.
X-rays are generated when electrons, travelling at high speeds, collide with the atoms of
an obstacle. An electron in the path of an unpolarized x-ray beam vibrates with the frequency of
the incident frequency of the incident radiation, periodically absorbing energy and emitting it as
x-radiation of the same frequency. The original x-rays are unmodified in wavelength by the
interaction but are radiated in all the directions. All atoms in the path of an x-ray beam scatter xrays simultaneously. The scattered waves interfere with and destroy one another, but in certain
specific directions they combine to form new wave fronts. This cooperative scattering is known as
diffraction [195].
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Bragg discovered that the phenomenon of diffraction could be pictured as a reflection of
the incident beam from lattice planes. Two light waves with the same wavelength(λ) and traveling
in the same direction can either reinforce or cancel each other, depending on their phase difference.
Constructive interference of the reflected waves occurs when they have a phase difference of nλ
(n is an integer), called ‘in phase’. Destructive interference occurs when they have a phase
difference of nλ/2, called ‘completely out of phase’. Diffraction of x-ray beams incident on a
crystalline solid is illustrated in figure 2.8.

Figure 2.8. X-ray diffraction. Reproduced from [197] with permission from John Wiley and Sons.

Two in-phase incident waves, beam 1 and beam 2, are reflected by two crystal planes (A
and B). The reflected waves will be in phase when the following relationship is satisfied.
2d sin θ = nλ
where, d is the spacing between diffracting planes (i.e. atomic planes in a crystal), θ is the incident
angle of the x-ray beam, n is the order of diffraction, and λ is the wave length of the x-ray beam
[196]. The crystal structure of materials can be determined by knowing the spacing of
crystallographic planes by diffraction methods.
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A typical diffractometer consists of a source of radiation, a monochromator to choose the
wavelength, slits to adjust the shape of the beam, a sample and a detector. The x-ray radiation
generated by an x-ray tube passes through special slits which collimate the x-ray beam. A divergent
x-ray beam passing through the slits strikes the specimen. The specimen is usually in the form of
a flat plate that is supported by specimen table. X-rays are diffracted by the specimen and form a
convergent beam at receiving slits before they enter a detector. The diffracted x-ray beam needs
to pass through a monochromatic filter (or a monochromator) before being received by a detector.
This arrangement can suppress wavelengths other than Kα radiation and also decrease background
radiation originating within the specimen. The geometry of an x-ray diffractometer is such that
the sample rotates in the path of the collimated x-ray beam at an angle θ while the x-ray detector
is mounted on an arm to collect the diffracted x-rays and rotates at an angle of 2θ. In general setups,
the sample is held in a fixed position, while the x-ray source and detector are moved on a circular
path [197].

Figure 2.9. Geometric arrangement of X-ray diffractometer. Reproduced from [197] with permission from John Wiley
and Sons.
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In this work, Bruker AXS D8 Focus model was used which is located at the PMDF (Physics
Materials Diagnostics Facility) Instrument Center in the USF’s Physics Department.

Figure 2.10. Photograph of Bruker AXS D8 Focus X-ray diffractometer.

2.3.2. Scanning Electron Microscopy
Scanning electron microscope (SEM) is a type of electron microscope that produces
images of a sample by scanning the surface with a focused beam of electrons. The scanning
electron microscope (SEM) is the most widely used type of electron microscope. It is capable of
imaging and analyzing thin and bulk specimens on a nanometer to micrometer scale and most
widely used type of electron microscope. An SEM image is formed by a focused electron beam
that scans over the surface area of a specimen and the appearance of its images are threedimensional because of its large depth of field. The depth of field can reach the order of tens of
micrometers at 103 × magnification and the order of micrometers at 104 × magnification. In
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addition, an SEM system enables to obtain in situ chemical information from a specimen by
equipping the x-ray energy dispersive spectrometer (EDS) [197].
A scanning electron microscope consists of an electron gun and a series of electromagnetic
lenses and apertures as shown in Figure 2.11.

Figure 2.11. Schematic diagram(left) and photograph(right) of Scanning Electron Microscope.

In an SEM, the electron beam emitted from an electron gun is condensed to a fine probe
for surface scanning. The electron gun for generating an electron beam is either thermionic or field
emission type guns. Advanced SEM systems use a field emission gun because of its high beam
brightness. Beam brightness plays an important role in imaging quality. The acceleration voltage
for generating an electron beam is in the range of 0.2 - 40 kV. An SEM optical path goes through
several electromagnetic lenses, including condenser lenses and one objective lens. The
electromagnetic lenses in an SEM are for electron probe formation. The electron beam is focused
by one or two condenser lenses to a spot about 0.4 nm to 5 nm in diameter. Then, the beam passes
through pairs of scanning coils or pairs of deflector plates in the electron column, typically in the
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final lens, which deflect the beam in the x and y axes so that it scans the focused electron beam
over the surface of the specimen. Then, the signal electrons emitted from the specimen are
collected by a detector, amplified, and used to reconstruct an image.
The magnification of an SEM is determined by the ratio of the dimensions of the raster on
the specimen and the raster on the display device. An SEM is able to provide image magnification
from about 10 × to 500,000 ×. The resolution of an SEM is controlled by the size of the electron
probe scanning the specimen. The effective magnification limit is determined by resolution of the
microscope, for a probe size of 10 nm, SEM systems can generate effective magnification of
20,000 × [197].
When the electron beam strikes the surface of the specimen, the primary (beam) electrons
interact with atoms of the specimen producing either elastic or inelastic scattering events. Elastic
scattering produces the backscattered electrons (BSEs), which are incident electrons scattered by
atoms in the specimen. During inelastic scattering, incident electrons transfer kinetic energy to
electrons in specimen atoms and those electrons with sufficient kinetic energy will leave its orbital
becoming secondary electrons. The SE energy is usually in the range of about 3 - 5 eV. BSEs
typically deflect from the specimen at large angles with little energy loss; they typically retain 60
- 80% of the energy of incident electrons. On the other hand, SEs typically deflect at small angles
and show considerably low energy compared with incident electrons. In terms of usefulness, SEs
are the primary signals for achieving topographic contrast, while BSEs are useful for formation of
elemental composition contrast [197].
In this work, all of the imaging was performed using a JEOL JSM-6390LV SEM system
which is located at the PMDF (Physics Materials Diagnostics Facility) Instrument Center in the
USF’s Physics Department. Both backscattered and secondary electron detectors are available. Its
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maximum spatial resolution is 3 nm at an accelerating voltage of 30 kV and working distance of 8
mm. Its magnification ranges from 30× to 300 000×. SEM was utilized to study the morphology
of perovskite thin films deposited at different precursor concentrations and different growth
temperatures and morphology of Perovskite: BTO nanocomposites, TiO2, and P3HT.

2.3.3. Energy Dispersive X-ray Microscopy
EDS

is

an

analytical

technique

used

for

the elemental

analysis or chemical

characterization of a specimen. It uses characteristic x-rays that are emitted from atoms irradiated
by a high-energy beam of charged particles such as electrons or protons, or a beam of X-rays, is
focused into the sample being studied. The incident beam may excite a ground state electron in an
inner shell, ejecting it from the shell while creating an electron hole where the electron was. An
electron from an outer, higher-energy shell then fills the hole, and the difference in energy between
the higher-energy shell and the lower energy shell may be released in the form of an X-ray. The
energy of characteristic x-rays is the energy difference between two electrons in different shells.
It is well defined and dependent on the atomic number of the atom. For example, the energy of the
x-ray Kα line is the energy difference between a K shell electron and L shell electron. Thus, we
can identify a chemical element from the characteristic x-rays that it emits. Moseley’s Law defines
the relationship between wavelength of characteristic x-rays (λ) and atomic number (Z).



B
Z   2

where B and σ are constants that depend upon the specific shells.
Since the electron beam can be readily focused on a microscopic area on a sample, the EDS
microanalyzer can examine chemical compositions in a microscopic area [197].
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In this work, OXFORD Instruments INCAx-Sight 7582M EDS system which is located at
the PMDF (Physics Materials Diagnostics Facility) Instrument Center in the USF’s Physics
Department was used for energy dispersive spectrometry measurements to determine the
composition of perovskite thin films.

2.3.4. Profilometry
Profilometer is a measuring instrument used to measure a surface's profile. Mainly 2 types
of profilometers, contact(stylus) and non-contact(optical) profilometers. In contact profilometers,
a diamond stylus is moved vertically in contact with a sample and then moved laterally across the
sample for a specified distance and specified contact force. A profilometer can measure small
surface variations in vertical stylus displacement as a function of position. A typical profilometer
can measure small vertical features ranging in height from 10 nm to 1 mm. The height position of
the diamond stylus generates an analog signal which is converted into a digital signal, stored,
analyzed, and displayed. The radius of diamond stylus ranges from 20 nm to 50 μm, and the
horizontal resolution is controlled by the scan speed and data signal sampling rate. The stylus
tracking force can range from less than 1 to 50 milligrams.
An optical profilometer is a non-contact method for providing much of the same
information as a stylus based profilometer. There are many different techniques which are
currently being employed, such as laser triangulation (triangulation sensor), confocal microscopy
(used for profiling of very small objects), low coherence interferometry and digital holography.
Profilometry was primarily used for thickness measurements of perovskite, TiO2, and
P3HT thin films and Cu back electrodes. In this work, Veeco Dektak 3030 profilometer was used
which consists with a diamond tipped probe with a 12.5 μm radius tip which is housed at NREC.
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j.
Figure 2.12. Photograph of Veeco Dektak 3030 profilometer.

2.4.

Optical Characterization
Optical characterization techniques require minimum sample preparation and are usually

user friendly, non-destructive, very sensitive, and fast. These techniques explore the change on
intensity, energy, phase, direction, or polarization of the light wave after interaction with the object
being studied [198]. When photons impinge on matter, they can be scattered (elastically or
inelastically), absorbed, or transmitted. Semiconductors interact with photons across the spectral
range 0.1-1000 µm (0.001 - 12 eV). This interaction depends on physical, chemical, and structural
properties of the matter, as well as intensity and energy of the incident photons. Depending on the
energy of the photons, different excitations are generated in the matter [198]. Photons on the UV
and visible region of the spectrum are more likely to interact with the electrons of the outer shells
promoting them to more energetic levels and/or creating excitons, while infrared photons are more
likely to interact with lattice and molecular vibrations and rotations, creating phonons. For
example, in the near-ultraviolet-visible-near-infrared region (0.4 - 5μm, 0.24 - 3. 1 eV), the
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dominant effect is absorption at the gap and by impurities. Thus, to investigate different properties
of the material such as the crystal lattice, the electronic band structure, the bandgap and free
electrons and holes, impurities and defects, appropriate photon energy must be chosen. Also,
electromagnetic radiation can be used to measure the dimensions and to explore the interfaces of
semiconductor devices. The behavior of electromagnetic waves at interfaces is determined by the
boundary conditions which accompany Maxwell's partial differential equations. Many of the
optical characterization techniques can be performed at room temperature and atmosphere.
Absorption is the property of the material of transferring photon energy to its atoms and
molecules [198]. The ratio of the energy transferred to the matter from the incident light to the
total incident energy is called absorptance(A), which can be expressed in terms of the reflection
(R) and transmission (T) as
A=1-T-R
The absorbance (Abs) is a measure of energy transferred to the material by the incident
light. It is often called the optical density of the object, when interpreted as the attenuation of the
incident light by the object. Its relation to the transmission or reflection is given by
Abs = - log10(T) or Abs = -log10(R)
assuming either R or T being zero for transparent or highly reflective samples respectively.
In semiconductors, absorption is the process of a photon whose energy equals or exceeds
the band gap raising an electron from a neutral donor to the conduction band, or from the valence
band to a neutral acceptor. It is also possible to induce absorptive transitions from the valence band
to an ionized donor, or from an ionized acceptor to the conduction band.
Absorption process is strongly affected by whether the gap is direct or indirect. The
incoming photon carries negligible momentum compared to that of the electron, so the absorbing
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electron gains energy without changing its wavevector. In a direct gap semiconductor, an electron
at the valence band maximum executes a vertical transition to the conduction band minimum
directly above. Energy is conserved according to:
ℏω = Ef – Ei
where Ef – Ei are the final and initial state energies respectively, and ℏω is photon energy.
For an indirect gap material, the excited electron needs additional momentum to reach the
conduction band minimum at a non-zero wavevector. It gains this momentum by interacting with
a phonon. Then the statement of energy conservation is:
ℏω = Ef – Ei ± ℏΩ
where ℏΩ is the energy of the phonon, and the plus and minus signs correspond to phonon emission
and absorption, respectively. Phonon emission dominates at low temperatures.

2.4.1. UV-vis-NIR Spectroscopy
One of the most basic methods to investigate the properties of materials through their
interaction with light, is to measure how much light is reflected, transmitted or absorbed by that
material. Morphology, stress, temperature, contact with other materials, etc. all may affect the
materials phonons and electrons transitions and will modify the materials light absorption in many
cases [198]. UV-vis-NIR Spectrophotometry is one of the most popular technique that measure
the intensity of absorbed, transmitted, or reflected light. The typical spectral range covered by a
UV-vis-NIR spectrometer spans from the near ultra-violet (λ ~ 200 nm) to the near infra-red (λ~3
μm). A typical spectrometer consists of a couple light sources, a diffraction grating based
monochromator, a sample chamber and one or more detectors. Light sources do not emit equal
intensities of light on all wavelengths, and detector response is a function of wavelength. Mirrors,
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windows, gratings, and other optical components in the optical path of the spectrophotometer have
efficiencies that vary with photon energy. Contribution to the spectrum due to these factors is
called baseline.
Two radiation sources, a deuterium(DL) lamp and a Tungsten lamp are being used in
Perkin Elmer Lambda 950 spectrometer to cover the working wavelength range. The radiation
beam can be reduced from the maximum height of 11.7 mm to 0.0 mm in 50 steps. To evaluate
the absolute transmittance, a normalization procedure must be performed in order to eliminate the
uninteresting feature produced by the lamp spectrum. This is generally done by measuring the
intensity of the source under the same experimental conditions as the sample and subsequently
dividing the measured sample spectrum by the lamp spectrum.
In this work, Perkin Elmer Lambda 950 UV-vis-NIR spectrometer was used which is
located at the Optical Materials Diagnostics Facility in the USF’s Physics Department. It was used
to study absorbance of perovskite thin films at different growth temperatures and precursor
concentrations, to determine the optical bandgap energy of the perovskite, and to study optical
absorbance of BTO: Perovskite nanocomposites and P3HT thin films. Uv-vis transmission
spectroscopy was used to study transmittance of TiO2 thin films as well.

2.5.

Electrical Characterization
Solar cells are made up of semiconductor materials that absorb photons from sunlight and

then release electrons, causing an electric current to flow when the cell is connected to a load. A
variety of measurements are used to characterize a solar cell’s performance, including its short
circuit current density(JSC), open circuit voltage(VOC), fill factor(FF), maximum power output,
doping density, resistivity, and its PCE. One of the electrical tests commonly performed on solar
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cells involve measuring current as a function of applied DC voltage, illumination intensity,
wavelength of illumination, illumination position, and sample temperature. Factors that influence
current-voltage (I-V) measurements include voltage sweep rate and direction, contact to the
metallization, light source, junction temperature, instrumentation and intensity. Electrical
characterization is important in determining how to make the cells as efficient as possible with
minimal losses.

2.5.1. Current- Voltage Measurements
A common laboratory method of characterizing the current-voltage characteristics of solar
cells is to use a parameter analyzer that employs measurement ports known as SourceMeasurement Units (SMUs). In order to measure the current-voltage characteristics of the solar
cell, the SMU typically is stepped through various voltage limiting levels and the corresponding
currents are measured. The Keithley’s Series 2400 Source Meter (Figure 2.13) instruments are
widely used for solar cell production testing because they enable to configure a test system using
a single instrument that can source and measure both current and voltage with using a four-point
probe set up.

Figure 2.13. Photograph of Keithley 2400 SMU.
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In this arrangement, a pair of probes is used to apply a voltage bias and the other pair is
used to measure the output current. However, in this case only two contacts are used, so one contact
shares both positive voltage and current probes and the other the negative probes.
To analyze the performance of the device, its front surface is illuminated with a solar
simulator in order to provide illumination approximating the natural sunlight. Xenon arc lamps,
mercury vapor lamps, metal halide arc lamps, quartz tungsten halogen lamps, and light-emitting
diodes can be used to approximate sunlight. Among these, xenon arc and quartz tungsten halogen
lamps are most commonly used because both approximate the sun light spectrum reasonably well.
The intensity of the simulator is adjusted to account for the sun light intensity, spectrum, and the
Earth’s air mass density. Typically, an air mass of 1.5 (AM1.5) is used which corresponds to a
solar zenith angle of 48.2° and results in an intensity of 1000 Wm-2 [199]. If the voltage sweep
rate for the PV device being evaluated is too large, then the fill factor and efficiency can be
artificially high. The cell should be mounted on a temperature-controlled plate with the junction
temperature at the standard test temperature (25 or 28°C). The plate temperature can be controlled
by gas, water, or most reliably with a thermoelectric module. The device temperature can be
measured with a thermistor, thermocouple, platinum RTD, optical pyrometer or surface
temperature probe. Superstrate PV devices represent a problem in temperature control and
measurement which can be alleviated by blowing air over the sample or using a pulsed solar
simulator to minimize light exposure time (device temperature same as room temperature).
The I-V measurements of fabricated solar cells under illumination were measured using
Keithley 2400 SMU which is located at ISA 5060 in the USF’s Physics department. The voltage
was swept from -1.2 V to 1.2 V, typically in 0.02 V steps at a scan rate of 0.5 V/s, whilst output
current was measured.
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2.6.

Ferroelectric Characterization
In ferroelectrics, polarization (P) measurements as a function of electric field (E) or

voltage (V) at a given frequency, produce hysteresis loops. It indicates capacitance per unit area
of the measured thin film. Dielectric leakage through the thin film can contribute to the
measurement, producing erroneous hysteresis loops. Ferroelectric properties of thin films can be
measured using piezoresponse force microscopy as well. The ferroelectric properties of BTO:
Perovskite nanocomposite thin films were measured using a custom-made ferroelectric tester.

Figure 2.14. Photograph of Custom-made ferroelectric tester.

2.7.

Chapter Summary
This chapter presented all the fabrication and characterization instruments/techniques that

were instrumental for this work. Fundamental operational principals of each instrument were
described, and utilization of each instrument/technique will be presented in subsequent chapters.
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CHAPTER 3
Development of a Novel Single-Step Growth Process for the
Deposition of CH3NH3PbI3-xClx Perovskite Films from CH3NH3Cl
and PbI2 Precursors

The single-step precursor solution deposition method is the most popular organometal
halide perovskite fabrication method due to its simplicity. The standard synthesis method of
preparing methylammonium lead iodide chloride (CH3NH3PbI3-xClx) perovskite precursor solution
is mixing the powder of methylammonium iodide (MAI) with lead chloride (PbCl2) at the 3: 1
molar ratio in Dimethylformamide (DMF). But MAI is commercially not available and one must
synthesize it first, which is a tedious process involving multiple steps. Also, the chemicals
(hydroiodic acid and methylamine) being used to synthesize MAI are quite expensive and a rotary
evaporator is required. Thus, this work was driven by searching for a low cost, convenient new
synthesis method. The purpose of this chapter is to establish the procedures and material
characterizations that were used to develop a novel single-step growth process for the growth of
CH3NH3PbI3-xClx perovskite thin films from methylammonium chloride(CH3NH3Cl) and lead
iodide (PbI2) precursors.
In this dissertation, CH3NH3PbI3-xClx perovskite thin films were fabricated using
Aerosol Assisted Chemical Vapor Deposition (AACVD). Optimum growth conditions at different
precursor concentrations and deposition temperatures were investigated through the crystallinity,
crystal structure, and absorption analysis using XRD and UV-vis-NIR absorption spectroscopy.
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3.1. Synthesis of CH3NH3PbI3-xClx Perovskite Precursors
The precursors used for the synthesis of CH3NH3PbI3-xClx were prepared by dissolving
CH3NH3Cl (or MACl) and PbI2 with the molar ratio of 3:1 in a glove box followed by 2 h
sonication. Six different precursors were prepared by dissolving appropriate number of moles of
MACl and PbI2 in 3 ml of DMF. Basically, 0.11 M, 0.22 M, 0.275 M, 0.33 M, 0.385 M, and 0.44
M concentrations of PbI2 and 0.33 M, 0.66 M, 0.825 M, 0.99 M, 1.155 M, and 1.32 M
concentrations of MACl were used for each precursor solution. In all cases the substrates were
standard 1” × 1” Corning® borosilicate glass slides. Glass substrates were cleaned by sonicating
for 10 minutes in liquinox detergent, acetone, iso-propanol, and deionized (DI) water respectively.

3.2. Deposition of CH3NH3PbI3-xClx Perovskite Thin Films
The deposition system utilized in the experiments is described in Chapter 2.1.1 with a
diagram of the Aerosol Assisted Chemical Vapor Deposition system shown in figure 2.2. The
vacuum chamber was evacuated by a roughing pump. The nebulizer was designed and built using
a vibrating mesh. The aperture plate contains over 1000 precision formed tapered holes with 5 µm
in diameter. As electrical energy is applied, the aperture plate vibrates over 120,000 times per
second (120 kHz). This displaces the plate approximately 1 micron every time. This rapid vibration
causes each aperture to act as a micro pump drawing the liquid through the holes to form
consistently size droplets. The result is a fine particle low velocity aerosol. The atomization rate
is approximately 0.2 mL per minute. The nebulizer body was custom made of Teflon, and refer to
the schematic diagram in appendix A. The substrate heater is a stainless-steel block internally
heated by a 600-watt halogen bulb and a Variac power supply. The substrate temperature is
monitored by a K-type thermocouple with the tip in thermal contact by conductive silver paint to
the face of the heater block. The substrates are located adjacent to the thermocouple tip and fixed
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to the heater block with conductive silver paint to ensure thermal contact. The substrate
temperature was recorded as the surface temperature of the heater block. The substrate was
mounted on a heating block that was placed 6 cm in front of the nozzle and the pressure of the
deposition chamber was kept at 550 Torr. The Variac voltage was dropped by 5 V every 5 minutes
after the deposition, and the deposition chamber was filled with nitrogen gas and flushed out 3
times before the removal of deposited film from the chamber. The fabricated films were
characterized to study the effect of substrate temperature and precursor concentration.

3.3. Results and Discussion
The following sections describe the structural and optical properties of CH3NH3PbI3-xClx
perovskite thin films at different growth conditions (precursor concentration and deposition
temperature).

3.3.1. Structural Characterization
After a preliminary temperature study to obtain the crystalline phase of CH3NH3PbI3-xClx
perovskite thin film, 120 °C was used as the deposition temperature for the concentration study.
X-ray diffraction patterns of CH3NH3PbI3-xClx perovskite films fabricated for six different
precursor concentrations of PbI2 and MACl are shown in Figure 3.1. Primary diffraction peaks of
the samples appear at 14.60°, 28.58°, 43.27° and 58.88°, which can be assigned to the (110), (220),
(330) and (440) planes, respectively, of a tetragonal perovskite structure with lattice parameters a
= 8.825 Å, b = 8.835 Å, c = 11.24 Å, in agreement with those reported for CH3NH3PbI3-xClx.
For the PbI2 and MACl concentration ratio of 0.11 M/0.33 M the film exhibited a strong
XRD peak near 12.65° which corresponds to an impurity phase or unreacted PbI2. The full width
at half maximum (FWHM) at the strongest peak was used to evaluate the degree of crystallinity of

69

the perovskite thin films. The FWHM was calculated from the degree width at the half intensity
of 14.60° peak (Appendix B). Lower value of FWHM means higher crystallinity of the perovskite
sample. Calculated FWHM for samples (b) to (f) are shown in Table 3.1. While X-ray peaks for
all other 5 concentrations showed strong peaks corresponding only to the perovskite phase, the
film corresponding to the 0.33 M/0.99 M concentration (Figure 3.1(d)) exhibited the lowest
FWHM indicating superior crystallinity.

Figure 3.1. X-ray diffraction patterns of fabricated CH3NH3PbI3-xClx perovskite films (a) 0.11 M & 0.33 M (b) 0.22
M & 0.66 M (c) 0.275 M & 0.825 M (d) 0.33M & 0.99 M (e) 0.385 M & 1.155 M (f) 0.44 M & 1.32 M PbI 2 and
MACl concentrations respectively.

For different concentrations of PbI2 and MACl from sample (b) to (f), the XRD peaks
exhibit different peak ratios, implying different orientation of grains but having the same tetragonal
crystal structure. The deposition of CH3NH3PbI3-xClx thin films in the single-step solution
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processing route, starting with MAI and PbCl2, the 110:220 peak ratio is approximately 1.65 [200].
110 and 220 peak intensities and 110:220 peak ratios for each deposited sample are summarized
in Table 3.2.

Table 3.1. FWHM for samples (b) to (f).
Sample #

FWHM (degrees)

Standard Deviation (degrees)

(b)

0.10754

0.00504

(c)

0.17208

0.00714

(d)

0.08712

0.00327

(e)

0.15228

0.00652

(f)

0.10538

0.00501

Table 3.2. 110:220 peak ratios for sample (b) to (f).
Sample # 110 Peak Intensity (counts) 220 Peak Intensity (counts) 110:220 Peak Ratio
(b)

652408

608646

1.07

(c)

333131

284849

1.17

(d)

1550000

1110000

1.40

(e)

428781

377755

1.14

(f)

732864

731005

1.002

The 110:220 peak ratio analysis also confirms that 110:220 peak ratio of sample (d) is close
to the 110:220 peak ratio of CH3NH3PbI3-xClx thin films fabricated via single-step precursor
solution method hence sample (d) precursor concentration combination is more suitable to
fabricate the perovskite. Even though, Colella et al. [201] and Zhao and Zhu [202] reported adding
methylammonium chloride to lead iodide resulted in the segregation of a CH3NH3PbCl3 phase
indicating low solubility of chlorine in the iodine derivative, the resulted optimum condition
diffraction pattern shows no signs of an excess PbI2 or CH3NH3PbCl3 phase.
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Figures 3.2 and 3.3 show the scanning electron microscopy (SEM) images of the fabricated
perovskite films prepared at 120 °C and annealed for 5 minutes from the 6 different precursor
solution concentrations of PbI2 and MACl.
(a)

(b)

(c)

(d)

(e)

(f)

Figure 3.2. Top view SEM images of fabricated CH3NH3PbI3-xClx perovskite films on glass substrates at different
concentrations ((a) 0.11 M & 0.33 M (b) 0.22 M & 0.66 M (c) 0.275 M & 0.825 M (d) 0.33M & 0.99 M (e) 0.385 M
& 1.155 M (f) 0.44 M & 1.32 M PbI 2 and MACl concentrations respectively.
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It can be observed from SEM images in Figure 3.2 that the crystallinity is not well
developed till the concentration ratio approaches 0.33 M/0.99 M. At much higher concentrations,
the porosity seems to increase.
(a)

(b)

(c)

(d)

(e)

(f)

Figure 3.3. Top view SEM images of fabricated CH3NH3PbI3-xClx perovskite films on glass substrates at different
concentrations at higher magnifications ((a) 0.11 M & 0.33 M (b) 0.22 M & 0.66 M (c) 0.275 M & 0.825 M (d) 0.33M
& 0.99 M (e) 0.385 M & 1.155 M (f) 0.44 M & 1.32 M PbI2 and MACl concentrations respectively.
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Comparison of the SEM images in Figure 3.3 at higher magnification also shows a welldefined grain structure for this concentration. The CH3NH3PbI3-xClx perovskite grain sizes are
approximately 0.5 µm – 2 µm in diameter. Figure 3.4 shows facets of tiny tetragonal CH3NH3PbI3xClx crystals

during the crystallization of CH3NH3PbI3-xClx thin films.

Figure 3.4. SEM image of CH3NH3PbI3-xClx perovskite grains at a higher magnification.

The substrate temperature can affect the properties of thin films such as crystallinity,
morphology, lattice parameters, orientation, and optical absorption. To study the effect of substrate
temperature; seven samples with 0.33 M PbI2 and 0.99 M MACl concentration were synthesized
in the temperature range from 80 °C to 160 °C. X-ray diffraction patterns and SEM images of
those films are shown in Figure 3.5 and 3.6 respectively.
X-ray diffraction of the films deposited at low deposition temperatures (80 °C) included
all the major peaks corresponding to the perovskite phase. However, presence of other peaks
indicates incomplete crystallization. This film also showed needle-like morphology. Such
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morphology is possible if the aerosol drops hitting the substrate remain as a liquid as a result of
slow evaporation of the solvent, and dragged along the substrate due to the low- pressure
environment. From the 100 °C to 140 °C deposition temperatures, all the deposited perovskite
films showed the same XRD patterns with tetragonal crystal structure. The strongest and the
narrowest peak corresponding to the (110) orientation of CH3NH3PbI3-xClx was observed at 120
°C. Above the temperature of 140 °C the perovskite phase appears to decompose giving the film
a yellowish color coming from lead iodide precipitation. This study confirms that the optimum
deposition temperature is 120 °C for growing perovskite films via AACVD.

Figure 3.5. X-ray diffraction patterns of CH3NH3PbI3-xClx perovskite films at different deposition temperatures.
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80 °C

100 °C

110 °C

120 °C

130 °C

140 °C

Figure 3.6. Top view of SEM images of fabricated CH3NH3PbI3-xClx perovskite films on glass substrates at different
deposition temperatures.

3.3.2. Optical Characterization
Optical characterization of CH3NH3PbI3-xClx thin films was carried out to determine the
optimum growth temperature, optimum precursor concentration, and the bandgap energy of the
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CH3NH3PbI3-xClx perovskite thin films. The absorption spectra of CH3NH3PbI3-xClx films
deposited for the 6 different concentrations are shown in Figure 3.7.

Figure. 3.7. Absorption spectra of CH3NH3PbI3-xClx perovskite films for 6 precursors.

The increase in absorption near 800 nm wavelength observed for all films is due to the
inter-band absorption of the perovskite. The optical bandgap (Eg) of CH3NH3PbI3-xClx of this film
was determined from the Tauc plot of the absorption spectrum in Figure 3.7(d). The Tauc plot
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follows the expression (αhν) = β (hν – Eg)n, where α is the absorption coefficient, hν is the photon
energy, Eg is the bandgap, β is a proportionality constant, and n is 0.5 for a direct bandgap
semiconductor. By extrapolating the linear region of the Tauc plot, the bandgap is found to be 1.57
eV, which is consistent with reported bandgap for CH3NH3PbI3-xClx.
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Figure 3.8. Determination of bandgap.

Comparison of the absorbance at the band edge (~790 nm) to the saturated absorbance at
400 nm for the six samples, which is a measure of the optical quality of the film as an efficient
absorber, showed the percentages for the samples (a) to (f) are 36.5%, 48.1%, 66%, 100%, 65.4%,
and 82.8% respectively. Clearly, the perovskite films grown with 0.33M/0.99M concentration
showed the best crystallinity, surface morphology, and the absorption properties. Also, to
determine the optimum absorption condition, normalized absorbance at different concentrations
could be used. Normalization is the process of regularizing absorbance data with respect to
variations in sample preparation, sample thickness, absorber concentration, detector and amplifier
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settings, and any other aspects of the measurement. Normalized absorbance can be directly
compared, regardless of the details of the experiment and normalized absorbance of studied 6
precursors are shown in Figure 3.9. Sum of the normalized absorbance for the samples (a) to (f)
are 49.38, 54.81, 64.85, 74.72, 65.27. and 67.86 respectively. Since the maximum normalized
absorbance is for sample (d), it is the best precursor concentration to fabricate the perovskite. In
the absorption spectra, the near-band edge optical absorption shows an abrupt increase in the
absorption coefficient which is typically observed in many direct-gap semiconductors. In the NIR

Normalized Absorbance(Arb. units)

region, increase in the absorption coefficient is highest for sample (d).
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Figure 3.9. Normalized absorbance of CH3NH3PbI3-xClx perovskite films for 6 precursors.

The perovskite shows a steep absorption edge which is related to a small VOC deficiency,
because this indicates a negligible density of states below the bandgap. The perovskite films
exhibit two peaks at 480 nm and 790 nm in the ground-state absorption spectrum, as shown in
Figure 3.9. According to the proposed mechanism, these transitions arising as a result of a dual
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valence band structure (VB1 and VB2). The schematic diagram in Figure 3.10 illustrates the
transitions VB2 to CB1 and VB1 to CB1, where CB1 is the conduction band minimum. The
absorption peak at 790 nm is attributed to the direct gap transition from the first valence band
maximum, VB1 to the conduction band minimum, CB1 or charge separated state.

Figure 3.10. Schematic of band structure of CH3NH3PbI3-xClx showing the dual valence bands.

According to the proposal of Stamplecoskie et al [203] that the ∼480 nm band is a charge
transfer (CT) band within the MAPbI3 complex. The suggestion was based on a detailed study of
perovskite precursor solutions containing various concentrations of PbI3- and PbI42- complexes.
Optical excitation of MAPbI3 film in this CT band was suggested to cause charge transfer from Ixto Pb and generation of an I2- like species. The CT and charge-separated (790 nm) bands were
suggested to be in equilibrium and both contribute to photocurrent generation.
The absorption spectra of fabricated CH3NH3PbI3-xClx perovskite films on glass substrates at
different deposition temperatures are shown in Figure 3.11. The maximum absorption spectrum
was observed at 120 °C that indicates the completion of the reaction to form perovskite phase with
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the best crystallinity, which is in agreement with XRD patterns. And the higher absorption is also
due to the better surface coverage at this temperature.

Figure 3.11. Absorption spectra of CH3NH3PbI3-xClx perovskite films at different deposition temperatures.

Absorption and photoluminescence spectra of a CH3NH3PbI3-xClx perovskite film
fabricated at optimum growth condition is shown in Figure 3.12. The PL band is caused by
electron-hole band-to-band recombination rather than exciton emission because the roomtemperature exciton binding energy (~ 12 meV) is smaller than the thermal energy (~ 26 meV).
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Both spectra clearly show strong absorption and emission in as- fabricated thin films. The
absorption band edge is positioned at 790 nm (~ 1.569 eV) while the PL peak is positioned at 775
nm (~ 1.599 eV). The FWHM of PL spectrum is 42 nm. There is a 15 nm Stokes shift, which
corresponds to a 30 meV energy difference between absorbed and emitted photons.
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Figure 3.12. Absorption and photoluminescence spectra of a CH3NH3PbI3-xClx perovskite film fabricated at
optimum growth conditions.

This result can be compared with CH3NH3PbI3-xClx films prepared by single-step precursor
solution method. The films deposited by spin-coating using a precursor solution of MAI and PbCl2
in DMF at a ~ 3: 1 molar ratio in a nitrogen filled glove box followed by thermal annealing at
around ~ 80 °C in a nitrogen filled glove box [150], (the perovskite films were left standing in the
nitrogen filled glove box for 24 hours under H2O < 0.1 ppm and O2 < 0.1 ppm), the onset of the
inter-band absorption was centered at 754 nm (~ 1.645 eV), while the PL emission was at 765 nm
(~ 1.621 eV) with a Stokes shift of 24 meV. In conclusion, AACVD deposited perovskite thin
films have structural and optical properties that is comparable to perovskite thin films fabricated
under controlled conditions following conventional methods.
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Among methylammonium halide perovskites, CH3NH3PbI3-xClx and CH3NH3PbI3 are the
highly efficient perovskites. Among these, CH3NH3PbI3-xClx perovskite has unique properties such
as long charge carrier diffusion lengths (over 1 micron), hence the better candidate for solar cells.
Table 1 shows the energy dispersive X-ray spectroscopy (EDS) analysis of the perovskite ﬁlms
prepared at different concentrations. This result shows the presence of Cl in all the films. The
amount of Cl detected in the perovskite ﬁlm decreases rapidly from 0.61 to 0.15 with
concentrations of MACl and PbI2 changing from 0.66 M to 0.825 M and 0.22 M to 0.275 m
respectively. Then it varies randomly. Standard deviation of each measurement is shown in
parentheses. EDS analysis confirms AACVD fabricated perovskite thin films have Cl atoms hence
it is methyl ammonium lead iodide chloride perovskite CH3NH3PbI3-xClx.

Table 3.3. Effect of PbI2 and MACl concentrations on the Pb:I:Cl of AACVD fabricated
perovskite films
PbI2 and MACl concentrations

Pb

0.110 M, 0.330 M

1.00

0.220 M, 0.660 M

0.275 M, 0.825 M

0.330 M, 0.990 M

0.385 M, 1.155 M

0.440 M, 1.320 M

I

Cl

3.03

0.61

(0.62)

(0.59)

3.33

0.61

(0.78)

(1.41)

3.32

0.15

(1.59)

(1.78)

3.41

0.23

(0.40)

(0.53)

3.27

0.14

(0.69)

(0.89)

3.30

0.27

(0.68)

(0.96)

1.00

1.00

1.00

1.00

1.00
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3.3.3. Post-Deposition Annealing of Perovskite Thin Films
The post-annealing process is a customary practice in solution processed solar cells to
ensure the vaporization of solvent and crystallization of the perovskite material, as well as to obtain
uniform coverage hence to enhance the PCE. Since the optimum growth temperature of AACVD
deposited perovskite thin films is 120 °C, post-annealing effects as a function of annealing time
was studied first. To investigate the effect of post-deposition annealing time on structural and
optical properties, thin films were fabricated at 120 °C using 0.33 M of CH3NH3Cl and 0.99 M of
PbI2 precursors and annealed at 120 °C for (a) 10, (b) 20, and (c) 30 minutes in the deposition
chamber respectively and XRD patterns are shown in Figure 3.13.

Figure 3.13. XRD patterns of CH3NH3PbI3-xClx perovskite films at different post-deposition annealing times.
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When the film is annealed for 10 minutes, a XRD peak starts to appear at 12.65 ° indicating
the perovskite film is being decomposed to PbI2. As the annealing time increases the intensity of
XRD peak at 12.65 ° increases, hence decomposition rate of the perovskite thin films increases
affecting the crystallinity of the film. Hence, post deposition annealing does not help to increase
the crystallinity of CH3NH3PbI3-xClx perovskite films fabricated with AACVD method.
Optical absorption of CH3NH3PbI3-xClx perovskite films decreases as annealing time
increases as shown in Figure 3.14. The decrease in the absorption coefficient in the NIR range
(500 nm to 800 nm) is significant.
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Figure 3.14. Variation of absorption spectra of CH3NH3PbI3-xClx perovskite films with post-deposition annealing
time.

The morphology of the perovskite film changes drastically after the post-deposition
annealing, as revealed in Figure 3.15 compared to Figure 3.3 (d). The larger grains are
disappearing, forming small rod like structures, but the annealing time has a negligible effect on
the change of the morphology of the post-deposition annealed films.
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10 min

30 min

20 min

Figure 3.15. Top view of SEM images of CH3NH3PbI3-xClx perovskite films at different post-deposition annealing
times.

The perovskite film deposited at 80 °C produced rod-like structures with incomplete
crystallization of the perovskite. To study post-deposition annealing effects of this film, the
perovskite was fabricated at 80 °C and then the film was annealed at 120 °C for 90 minutes. As
shown in figure 3.16, the crystallinity of the perovskite film increased after the post deposition
annealing producing tetragonal crystal structure of the perovskite. The optical absorption of the
film also increased compared to figure 3.11.

Figure. 3.16. XRD pattern of the perovskite film deposited at 80 °C and annealed at 120 °C for 90 minutes.
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Figure 3.17. Absorption spectrum of the perovskite film deposited at 80 °C and annealed at 120 °C for 90 minutes.

The morphology of the perovskite also changed. Due to post deposition annealing, rod-like
structures disappear, forming a rough perovskite film with a lot of pin holes.

Figure 3.18. Top view of SEM image of the perovskite film deposited at 80 °C and annealed at 120 °C for 90 minutes
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3.4.

Growth and Characterization of CH3NH3PbI3-xClx perovskite thin films
via Solution Casting Technique
Solution casting and single-step solution deposition via spin coating can be employed to

fabricate perovskite thin films starting with PbI2 and MACl precursors. To investigate the
optoelectronic properties of solution casted perovskite thin films, 0.33 M of CH3NH3Cl and 0.99
M of PbI2 precursors were solution casted on glass substrates and annealed at 120°C for 5 minutes.

Intensity (Arb. units)

Resulted XRD and absorption data is shown in Figures 3.19 and 3.20 respectively.
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Figure 3.19. XRD of a solution casted CH3NH3PbI3-xClx perovskite film on a glass substrate.
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Figure 3.20. Absorption spectrum of a solution casted CH3NH3PbI3-xClx perovskite film.
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The resulted films are very rough and the crystallization of perovskite thin films does not
take place in the solution casted films. Increasing the annealing time does not help to improve
structural or optical properties of thin films.
In the AACVD method, perovskite thin films were grown on heated glass substrates (120
°C). Hence, glass substrates were preheated at 120 °C for 30 minutes on a hot plate and the
perovskite precursor solution was solution casted on glass substrates and annealed for 10 minutes,
20 minutes, and 30 minutes. XRD patterns are shown in Figure 3.21.

Figure 3.21. XRD of solution casted CH3NH3PbI3-xClx perovskite films on preheated glass substrates (120 °C) for
30 minutes and annealed for (a) 10 minutes, (b) 20 minutes, and (c) 30 minutes.
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As shown in Figure 3.21, crystallinity of solution casted thin films on preheated glass
substrates is very poor. The color of the perovskite thin films is light yellow/cream hence
crystallization of the perovskite does not take place. As shown in Figure 3.22, optical absorption
is also very low.

Figure 3.22. Absorption spectra of a solution casted CH3NH3PbI3-xClx perovskite film.

Therefore, solution casting approach is not a successful approach to fabricate
CH3NH3PbI3-xClx perovskite thin films starting from CH3NH3Cl and PbI2 precursors.
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(a)

(b)

(c)

Figure 3.23. Top view of SEM images of solution coated CH3NH3PbI3-xClx perovskite films on preheated glass
substrates at 120 °C for 30 minutes and annealed at 120 °C for (a) 10 minutes, (b) 20minutes, and (c) 30 minutes.

3.5.

Growth and Characterization of CH3NH3PbI3-xClx perovskite thin films
via Spin Coating Technique
To make a comparison of perovskite thin films deposited using AACVD and spin coating,

0.33 M of CH3NH3Cl and 0.99 M of PbI2 precursors were spin coated on glass substrates at 2500
rpm and annealed at 120°C for 5 minutes (a), 30 minutes (b), and 60 minutes (c).

Figure. 3.24. XRD of spin coated CH3NH3PbI3-xClx perovskite films on glass substrates at 2500 rpm for 60 s and
annealed at 120 °C for (a) 5 minutes and (b) 30 minutes.

91

Figure 3.25. Absorption spectra of spin coated CH3NH3PbI3-xClx perovskite films on glass substrates at 2500 rpm
for 60 s and annealed at 120 °C for (a) 5 minutes, (b) 30 minutes, and (c) 60 minutes.

(a)

(c)

(b)

Figure 3.26. Top view of SEM images of spin coated CH3NH3PbI3-xClx perovskite films on glass substrates at 2500
rpm for 60 s and annealed at 120 °C for (a) 5 minutes, (b) 30 minutes, and (c) 60 minutes.
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The XRD data revealed that all the films have excess PbI2 hence complete crystallization
of CH3NH3PbI3-xClx crystals does not take place. Absorption of the films also very poor. And the
perovskite coverage on glass substrates also very low.

3.6. Chapter Summary
This chapter presented a novel, single step growth process for the deposition of CH3NH3PbI3-xClx
perovskite thin films starting from CH3NH3Cl and PbI2 precursors. The reported attempts to
deposit the perovskite thin films starting with CH3NH3Cl and PbI2 precursors are not successful
due to segregation of CH3NH3PbCl3 phase indicating low solubility of chlorine in the iodine
derivative. The primary reason for success of this approach is each droplet created by atomization
of the precursors behaves as a micro reactor that is subjected to a uniform temperature within, and
thus facilitating the complete conversion of the stoichiometric mixture. The precursor
concentration of MACl and PbI2 in DMF and the deposition temperature are the main factors that
affect the formation of highly crystalline pure perovskite thin films with intense absorption. 0.33
M MACl and 0.99 M PbI2 resulted CH3NH3PbI3-xClx perovskite films with enhanced crystallinity
and strong absorption. According to the study, 120 °C is the optimum deposition temperature.
Absorption and photoluminescence studies show that the fabricated films have 30 meV stokes shift
indicating superior crystallinity of the fabricated films. At lower temperatures, needle-like
structures formed. Post-deposition annealing is not a factor to increase the crystallinity or the
absorption. Results were compared with solution casted and spin coated perovskite thin films and
AACVD deposited perovskite thin films have better optoelectronics properties hence AACVD
technique is a better approach to fabricate CH3NH3PbI3-xClx perovskite thin films starting with
PbI2 and CH3NH3Cl precursors.
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CHAPTER 4
BTO: CH3NH3PbI3-xClx Ferroelectric Nanocomposites

A secondary aim of this research is to enhance charge collection in organo-metal lead
halide perovskite absorber methyl ammonium lead iodide chloride (CH3NH3PbI3-xClx) by
establishing a local internal electric field that can reduce electron-hole recombination resulting in
increased open circuit voltage and device current. The intrinsic ferroelectricity in nanoparticles of
Barium Titanate (BaTiO3 -BTO) embedded in the solar absorber can generate such an internal
field. Spherical ~ 50 nm BTO ferroelectric nanoparticles possess a spontaneous permanent
polarization Pr = 2.7 µC cm-2 [165]. The local electric ﬁeld due to this polarization around a
nanoparticle at a distance r can be written as

R3P
E BTO 
2 cosrˆ  sin ˆ
3 0 r 3





where the ε0 is the free space permittivity. If the radius of a nanoparticle is R, the average electric
ﬁeld magnitude at a distance of ξ = r - R = 5 nm (i.e., r = 30 nm) from the surface of the particle is
~ 109 Vm-1. Therefore, there is a strong electric field close to the BTO nanoparticle surfaces.
The aim of this chapter is to describe the growth and structural, optical, and ferroelectric
properties of BTO: perovskite nanocomposites. These nanocomposites were synthesized by
Aerosol Assisted Chemical Vapor Deposition and their structural, optical, and ferroelectric
properties were analyzed as a function of BTO nanoparticle concentration.
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4.1. Synthesis of BTO: CH3NH3PbI3-xClx Perovskite Nanocomposite
An appropriate amount of the BaTiO3 nanoparticles were dispersed in DMF and was
shaken on a vortex mixer for at least 12 hours. This process reduces the aggregation tendency of
the ferroelectric nanoparticles. The precursors used for the synthesis of BTO: CH3NH3PbI3-xClx
were prepared by dissolving CH3NH3Cl (or MACl) and PbI2 with the molar ratio of 3:1 and adding
appropriate % wt of BTO nanoparticles (Table 4.1) in a glove box followed by 2 h sonication. 11
different samples were prepared as shown in Table 4.1.
Table 4.1 BTO masses used for the deposition of BTO: perovskite nanocomposites.
% wt of BTO

PbI2 mass (g)

MACl mass (g)

BTO mass(g)

0

0.456

0.201

0.000

10

0.456

0.201

0.073

20

0.456

0.201

0.164

30

0.456

0.201

0.282

40

0.456

0.201

0.438

43.3

0.456

0.201

0.502

46.6

0.456

0.201

0.573

50

0.456

0.201

0.657

60

0.456

0.201

0.985

70

0.456

0.201

1.533

100

0.000

0.000

1.500

4.2. BTO: CH3NH3PbI3-xClx Perovskite Nanocomposite Deposition by Aerosol
Assisted Chemical Vapor Deposition
Optimum growth conditions of the perovskite, ie, 0.33 M of PbI2 and 0.99 M of MACl
precursor concentrations and 120 °C growth temperature were used as the growth parameters of
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BTO: Perovskite nanocomposites. Nanocomposite deposition process is very similar to the
perovskite deposition process except in the nanocomposite deposition process, BTO nanoparticles
along with PbI2 and MACl precursors were nebulized and transported to the growth chamber.
Nanocomposites were deposited on plane glass substrates for structural and optical
characterization. For ferroelectric characterization, nanocomposites were deposited on ITO
(Indium Tin Oxide) coated glass substrates.
- CH3NH3Cl
- PbI2
- BTO

Micro Droplets
(4-5 µm)

Atomization
with Mesh
Nebulizer

Micro Droplets Evaporate and/or Decompose
on the Substrate Making Precursor Vapors
Nanocomposite
Coating
Surface

Reaction
Precursor
Solution

Heated Substrate

Figure 4.1. AACVD process and a photograph of a deposited BTO: Perovskite nanocomposite film in the growth
chamber.
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4.3. Results and Discussion
The following sections describe the structural, optical and ferroelectric properties of BTO:
CH3NH3PbI3-xClx perovskite nanocomposites at different BTO nanoparticle concentrations.

4.3.1. Structural Characterization
XRD patterns of BTO: CH3NH3PbI3-xClx nanocomposites films fabricated for 11 different
BTO nanoparticle concentrations are shown in Figure 4.2. The XRD pattern of perovskite thin film
without BTO nanoparticles (Figure 4.2. a). shows all the characteristic peaks of perovskite thin
films. The peaks match with the tetragonal crystal structure with space group I4cm [176] with no
other impurity phases. When increasing BTO nanoparticle concentration, at 30 % of BTO
nanoparticle concentration, the nanocomposite thin film exhibits a weak XRD peak near 12.65°
(Figure 4.2. d) which corresponds to an impurity phase or unreacted PbI2. The strength of this
XRD peak increases as the BTO nanoparticle concentration increases. At 40 % BTO nanoparticle
concentration (Figure 4.2. e), a weak XRD peak starts to appear near 31.56° which corresponds to
(110) XRD peak of BTO nanoparticles. The strength of this XRD peak increases as the BTO
nanoparticle concentration increases as expected since the volume fraction of BTO nanoparticles
in the nanocomposite increases as the BTO nanoparticle concentration increases. Interestingly, at
50 % BTO nanoparticle concentration (Figure 4.2. h), XRD peaks of BTO nanoparticles
predominate suppressing XRD peaks of the perovskite. Hence the upper limit to retain the
crystallinity of the perovskite is 46.6 % BTO nanoparticles in the nanocomposites. At 70 % BTO
nanoparticle concentration (Figure 4.2. j), (110) and (220) dominant XRD peaks of the perovskite
completely disappear. All the diffraction peaks at 22.17°, 31.56°, 38.91°, 45.23°, 50.93°, and
56.20°, can be assigned to the (100), (110), (111), (200), (210), and (211) planes, of cubic crystal
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Figure 4.2. X-ray diffraction patterns of fabricated BTO:CH3NH3PbI3-xClx nanocomposites at (a) 0 % (b) 10 % (c)20
% (d) 30 % (e) 40 % (f) 43.3% g) 46.6 % (h) 50 % (i) 60 % (j) 70 %, and (k) 100 % BTO nanoparticles concentrations
respectively.
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structure of BTO nanoparticles with lattice parameter a = 4.006 Å, which in excellent agreement
with values found in the literature. XRD pattern of sample (k) which is 100 % BTO is very similar
to sample (j), hence 80 % and 90 % BTO concentration nanocomposites were not deposited.
Figure 4.3 & 4.4 are SEM images of BTO: perovskite nanocomposites at different BTO
nanoparticle concentrations.
(a)

(b)

(c)

(d)

Figure 4.3. Top view SEM images of deposited BTO: CH3NH3PbI3-xClx nanocomposite thin films on glass substrates
at different BTO concentrations (a) 0 % (b) 10 % (c) 20 % (d) 30 % BTO concentrations respectively.

With the addition of BTO nanoparticles to perovskite, rod like structures start to form as
seen in Figure 4.3. b, c & d. And the perovskite grain size decreases as the BTO nanoparticle
concentration increases. Grain sizes of CH3NH3PbI3 perovskites have an impact on the
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(e)

(f)

(g)

(h)

(i)

(j)

Figure 4.4. SEM images of deposited BTO: CH3NH3PbI3-xClx nanocomposite thin films on glass substrates at different
BTO concentrations (e) 40 % (f) 43.3 % (g) 46.6 % (h) 50 % (i) 60 % (j) 70 % BTO concentrations respectively.

photovoltaic parameters such as on short-circuit current density Jsc, open-circuit voltage Voc, and
hence on power conversion efficiency (PCE). The devices with larger grains exhibit a higher PCE
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[182]. When the grain size is smaller, higher the number of grain boundaries, hence trap assisted
recombination increases. Hence according to the study, a higher BTO concentration is not
desirable for efficient perovskite solar cells.
(a)

(b)

(c)

(d)

Figure 4.5. SEM images of deposited BTO: CH3NH3PbI3-xClx nanocomposite thin films on glass substrates at (a) 100
% (b) 50 % BTO concentrations respectively.

Figure 4.5 (a) and (b) show side view and top view SEM images of only BTO nanoparticle
thin film. Figure 4.5 (c) and (d) show top view SEM images of 50 % BTO: perovskite
nanocomposite film deposited via AACVD method. Individual BTO nanoparticles are clearly
visible in both images.
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4.3.2. Optical Characterization
Optical characterization of BTO: CH3NH3PbI3-xClx nanocomposite thin films was carried
out to study the optical absorption of nanocomposites at different BTO nanoparticle
concentrations. The nanocomposite should be a good photon absorber to generate plenty of charge
carriers. The normalized absorption spectra of BTO: CH3NH3PbI3-xClx nanocomposites deposited
at 11 different concentrations are shown in Figure 4. 6. The normalized optical absorption is
highest for the sample (a) which is the perovskite thin film without BTO nanoparticles as expected.
As the BTO nanoparticle concentration increases absorbance of the nanocomposite films decreases
at shorter wavelengths because the optical bandgap of BTO nanoparticles is very high compared
to the bandgap of perovskite, hence less absorbance at shorter wavelengths. Hence as volume
fraction of BTO nanoparticles of the nanocomposite thin film increases (or BTO nanoparticle
concentration increases) the optical absorbance at shorter wavelengths of the nanocomposite thin
film decreases. Hence a higher concentration of BTO nanoparticles in the nanocomposite is not
desirable for efficient perovskite solar cells which is consistent with structural characterization.
Since BaTiO3 is a direct bandgap material, the bandgap is determined from the (αhν)2 versus hν
plot by using the absorption spectrum in Figure 4.6.k. The obtained band gap value is 2.55 eV
which is consistent with reported value for 50 nm BTO nanoparticles [177].
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Figure 4.6. UV-vis-NIR absorption spectra of fabricated BTO:CH3NH3PbI3-xClx nanocomposites at (a) 0 % (b) 10 %
(c) 20 % (d) 30 % (e) 40 % (f) 43.3% (g) 46.6 % (h) 50 % (i) 60 % (j) 70 %, and (k) 100 % BTO nanoparticles
concentrations respectively.
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4.3.3. Ferroelectric Characterization
The nanocomposite should be a good ferroelectric thin film to establish a local internal
electric field. The following section will describe the deposition of nanocomposite thin films for
ferroelectric measurements and ferroelectric properties of BTO: perovskite nanocomposite thin
films.
The P-E loops of BTO: Perovskite nanocomposite films deposited on ITO coated glass
substrates showed characteristics of leaky capacitors which is possibly due to the defects in the
film and high porosity which produce percolation paths for the current. Hence, a dielectric layer
of Y2O3 was deposited via pulsed laser deposition on ITO coated glass substrates prior the
deposition of BTO: Perovskite nanocomposite layer. Then BTO: Perovskite nanocomposite film
was deposited via AACVD at various BTO nanoparticle concentrations and Cu electrodes were
deposited via thermal evaporation. The structure that was used for P-E measurements is depicted
in Figure 4.7 (left).

Cu electrodes
BTO: Perovskite (~5µm)
Y2O3 Layer (300 nm)
ITO Coated Glass Substrate
Figure 4.7. Structure for P-E measurements of BTO: Perovskite nanocomposite films (left) a 100 % BTO sample
during a P-E measurement (right).

Figure 4.7 (right) shows a 100% BTO sample on the ferroelectric tester during a P-E
measurement.
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Figure 4.8 shows the room temperature polarization versus electric field (P-E) hysteresis
loops for BTO: perovskite nanocomposite thin films at 100 % and 70 % BTO nanoparticle
concentrations.

Figure 4.8. P-E hysteresis loops of (a) 100 % BTO nanoparticles (b) 70 % BTO nanoparticles.

All the composite films have thickness approximately 5 µm. The P-E measurements were
performed with 6 V & 9 V driving voltage for 100 % and 70 % BTO nanoparticle concentrations
respectively. The best P-E loops with maximum polarization (Pmax) of 0.2 μCcm-2, Pr of 0.069
μCcm-2 and Ec of 5.23 kVcm-1 was observed for 100 % BTO nanoparticle concentration and Pmax
of 0.0662 μCcm-2, Pr of 0.043 μCcm-2 and Ec of 6.148 kVcm-1 was observed for 70 % BTO
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nanoparticle concentration. Taking polarization measurements was very difficult due to instability
of BTO: perovskite composite films against measurement conditions such as UV portion of light,
humidity, and O2 in the air. And using P-E measurements to study the ferroelectricity of BTO:
Perovskite nanocomposite is not the best approach around. To study the ferroelectricity of BTO:
Perovskite nanocomposites, other experimental techniques such as piezoresponse force
microscopy (PFM) must be employed.
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Figure 4.9. P-E hysteresis loops of a CH3NH3PbI3-xClx film.

P-E loops of CH3NH3PbI3-xClx films were measured to study the contribution of room
temperature ferroelectricity of the perovskite itself. None of the resulted P-E loops showed
ferroelectric characteristics which is in agreement with published work by some other researchers
[82].

4.4. Chapter Summary
To summarize, the BTO: CH3NH3PbI3-xClx Perovskite nanocomposite films were grown
on plane glass substrates for structural and optical characterizations and on ITO coated glass
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substrates for ferroelectric characterization. According to the structural characterization, BTO
nanoparticles interferes strongly with the formation of perovskite at 50 % BTO nanoparticle
concentration. And the grain size of perovskite decreases as the BTO nanoparticle concentration
increases in the nanocomposite film. Optical characterization showed that optical absorption of
the composite film in NIR region decreases as the BTO nanoparticle concentration increases in the
composite film. Based on structural and optical properties of BTO: perovskite nanocomposite thin
films; considering the crystallinity, optical absorbance, and perovskite grain size, optimum BTO
nanoparticle concentration in the nanocomposite should be approximately 40 %. The P-E loops of
the perovskite did not show any ferroelectric polarization of the perovskite itself. The ferroelectric
properties of the BTO: perovskite nanocomposite films showed some enhancements in the
coercive field as compared to the only BTO nanoparticles film and BTO: perovskite
nanocomposites are ferroelectric.
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CHAPTER 5
A Simple Model to Guide the Optimum BTO Nanoparticle
Concentration in the BTO: Perovskite Nanocomposite

The constitution of BTO: perovskite nanocomposites should be sufficient BTO
nanoparticles in the composite to generate internal local electric field and sufficient perovskite
material to absorb photons to generate plenty of charge carriers. Therefore there should be a
balance between the two materials in the composite. The objective of this model is to estimate the
BTO nanoparticle concentration in the composite which satisfies both conditions, good optical
absorption and strong local electric field.
y

Ey
Ex

r
θ

2a

x
p

Figure 5. 1. Electric field of a dipole at a distance r.

Assuming a nanoparticle as a single dipole, the local electric ﬁeld due to dipole p at a distance r in
the limit where r >> a is
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E dip r ,   

p
4 0 r

3

3 sin cosiˆ  (3 cos

2

  1) ˆj 

The electric ﬁeld between two dipoles at a distance r from each dipole (by symmetry x components
cancel out) is
E dip r ,   





2p
3 cos2   1 ˆj
4 0 r 3
E-field

2

1

Figure 5. 2. Electric field of two dipoles.

5.1. Electric field due to 4 electric dipoles
Considering a plane having 4 dipoles at the corners of a square. The electric ﬁeld at a distance r
from each dipole (by symmetry x components cancel out) is
E dip r ,   





4p
3 cos2   1 ˆj
4 0 r 3

E-field

Figure 5. 3. Electric field of four dipoles.

Let h as the vertical distance which is measured through the center line of the plane.
Let the distance and angle from dipole 1 to the center line of the plane as r and θ1,
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r sin1 

a
2

h
Θ1

r
a
a

Figure 5. 4. Electric field in a plane of four dipoles.

By symmetry î components of the electric fields due to dipoles 1, 2, 3, and 4 cancel out. By
superposition, the total electric ﬁeld due to dipoles 1,2,3, and 4 at a distance r along h is
8 2 p sin 3 1
4p
2
ˆ
Edip r ,1  
3 cos 1  1 j 
(3 cos2 1  1) ˆj and
3
3
4 0 r
4 0 a



P



p
4R 3
3

Hence, in terms of polarization, the local electric ﬁeld along the center line of the plane at a
distance r from each nanoparticle can be written as
Edip 1  

8 2 PR 3 sin 3 1
(3 cos2 1  1) ˆj
 0a3

where the ε0 is the free space permittivity, P is the permanent polarization of BTO nanoparticles,
and R is the radius of a nanoparticle.
The variation of electric field as a function of h is shown in Figure 5.5. The electric field is
maximum in the plane of dipoles and in the negative y direction.
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E-field vs h
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Figure 5. 5. Variation of electric field due to four dipoles as a function of h.

5.2. Electric Field within a Unit Cell Due to 8 Electric Dipoles
Figure 5.6 shows 2 similar planes each having 4 dipoles. Let h be the distance between the two
planes.
6
7
5

8
Θ2
r2

h

p
r1
3

Θ1
2
1

a

4

a

Figure 5. 6. A unit cell consists with 2 planes of BTO nanoparticles with a separation of h.
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Let the distance and angle from dipole 1 to the center line of the planes as r 1 and θ1 respectively
and the distance and angle from dipole 5 to the center line of the planes as r2 and θ2 respectively.
By symmetry î components of the electric fields due to dipoles 1,2,3,4,5,6,7, and 8 are cancel out.
By superposition, the total electric ﬁeld due to dipoles 1,2,3, and 4 at a distance r along h is
2 2 p sin 3 1
4p
2
ˆ
Edip r ,1  
3 cos 1  1 j 
(3 cos2 1  1) ˆj
3
3
4 0 r
 0 a





h  r1 cos1  r2 cos 2  r2 cos 2  h  r1 cos1  h 

a
2 sin 1

tan  2 
cos2  2 

2

cot1

a

r1 sin 1  r2 sin  2 
r1 

a

2
a

, r2 

2 sin  2

a
2h  a cot1

,

1
, sin 2  2  1  cos2  2
2
1  tan  2

The effective electric ﬁeld due to dipole 5 at point p is
E dip r2 ,  2  
E dip r2 ,  2  

p
4 0 r2

3

3 cos

2

 2  1 ˆj

p

a
4 0 
 2 sin  2






3

3 cos

2

 2  1 ˆj

By superposition, electric field at point p due to dipoles 5, 6, 7, and 8 is
Edip r2 , 2  

2 2 p sin 3  2
3 cos2  2  1 ˆj
3
 0 a





Then, the total electric ﬁeld within the unit cell between the 2 planes is
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E dip (r1 , 1 )  E dip (r2 ,  2 ) 
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The variation of electric field within the unit cell as a function of h are shown in Figures
5.7 and 5.8 when h = a and h = 2a respectively.

Electric field vs height within a unit cell ,
h=a
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Figure 5. 7. Electric field within unit cell due to 8 BTO nanoparticles with a separation of h when h = a.

Electric field vs height within a unit cell,
h = 2a
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Figure 5. 8. Electric field within a unit cell due to 8 BTO nanoparticles with a separation of h when h = 2a.
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5.3. Electric Field within a Unit Cell Due to 16 Electric Dipoles
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Figure 5. 9. 3 unit cells which consists with 4 planes of BTO nanoparticles each having a separation of h.
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The effective electric ﬁeld at point p due to dipole 1 is
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By superposition, electric field at point p due to dipoles 1, 2, 3, and 4 is
2 2 p sin 3  3
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Similarly, electric field at point p due to dipoles 13, 14, 15, and 16 is
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Then, the total electric ﬁeld within the unit cell A due to all the 4 planes is
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The variation of electric field within unit cell A as a function of h is shown in Figures 5.10.

Electric field vs height within the unit cell A due
to 4 planes of dipoles, h=a
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Figure 5. 10. Electric field within the unit cell A due to 16 BTO nanoparticles with a separation of h when h = a.

Assuming a uniform distribution of BTO nanoparticles, the electric field due to BTO
nanoparticles is maximum in the top and bottom planes of the unit cell and the maximum electric
field in the unit cell as a function of separation between 2 nanoparticles is shown in Table 5.1.
Table 5.1. Maximum electric field within the unit cell.
a (nm)
50
55
60
65
70
75
80
85
90
95

Maximum Electric Field (Vm-1)
1.12 × 1010
8.40 × 109
6.47 × 109
5.09 × 109
4.08 × 109
3.31 × 109
2.73 × 109
2.28 × 109
1.92 × 109
1.63 × 109
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5.4. Volume Fraction of Perovskite Solar Absorber
The objective of the model is to estimate the optimum BTO nanoparticle concentration in
BTO: CH3NH3PbI3-xClx perovskite nanocomposites which satisfy both good optical absorption
and a strong electric field. Once the relationship between maximum electric field due to BTO
nanoparticles as a function of distance between 2 nanoparticles is developed, another relationship
must be developed between perovskite volume in the nanocomposite and distance between 2
nanoparticles.
The calculation of volume fraction of solar absorber in a unit cell is as follows.
Volume contribution to a cubic unit cell from 8 spherical nanoparticles is equal to the
volume of one nanoparticle.
Volume fraction of the perovskite absorber is,

VPerovskite

VCube

4
4 R
3
a 3  ( R 3 ) 1   ( ) 3
 4  R 
3
3
a

 1       f v
1
a3
 3  a 

For a = 50 nm, R = 25 nm,
3

fV 

VPerovskite
 4  25 
 1       0.4764
VCube
 3  50 

Table 5.2. Variation of Volume Fraction of the perovskite absorber within the cubic unit cell as a
function of distance between nanoparticles a.
a (nm)
50
55
60
65
70
75
80
85
90
95

fV
0.4764
0.6066
0.6969
0.7617
0.8092
0.8449
0.8722
0.8934
0.9102
0.9237
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5.5. Optimum BTO Nanoparticle Concentration
Variation of maximum local electric field within the unit cell and volume fraction of
the solar absorber in the unit cell against distance between nanoparticles is shown in Figure 5.11.
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Figure 5.11. Electric field, Volume Fraction versus distance between nanoparticles of the cubic unit cell.

Therefore, for the cubic unit cell, when the volume fraction of the perovskite absorber is 0.64
(or 0.36 volume fraction of BTO nanoparticles), the maximum local electric field within the unit
cell is ~ 7.7 × 109 Vm-1.
According to the model, the optimum BTO nanoparticle volume fraction in the nanocomposite
is 0.36 to produce the highest optical absorption due to the perovskite and the local electric field
due to BTO nanoparticles. Since the preparation of BTO nanoparticles and perovskite precursor
solution is based on masses of BTO nanoparticles and the perovskite precursors, volume fraction
needs to be converted into mass fraction. The relationship between volume fraction and mass
fraction is

mBTO
DBTOVBTO

mPerovskite DPerovskiteVPerovskite
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where DBTO is the density of BTO nanoparticles, VBTO is the volume of BTO nanoparticles,
DPerovskite is the density of perovskite precursors, and VPerovskite is the volume of perovskite
precursors.
The density of the perovskite is not known. The density calculation was carried out neglecting
the porosity of perovskite thin films, assuming a 100 % packing density of the perovskite grains.
Since the optimum perovskite precursor concentrations to fabricate the perovskite are 0.33 M of
PbI2 and 0.99 M of MACl (or 0.456 g of PbI2 and 0.201 g of MACl in 3 ml of DMF,
DPerovskite 

DPerovskite 

m PbI 2  m MACl
VPbI 2  VMACl



m PbI 2  m MACl
 m PbI 2 m MACl


 DPbI
DMACl
2


(0.456  0.201) g
 0.456g
0.201g 



1
0.6562gml 1 
 6.16gml






 1.727gml 1

And the DBTO is 5.85 gml-1 and mPerovskite  mPbI 2  mMACl  0.456g  0.201g  0.657g
Hence,

mBTO 

mPerovskite DBTOVBTO (0.657)(5.85)(0.36)

 1.252g
DPerovskiteVPerovskite
1.727(0.64)

The weight concentration of BTO nanoparticles in the composite,
1.252
 100%  65wt %
(1.252  0.456  0.201)

Hence assuming a uniform distribution of nanoparticles within the perovskite, approximately,
1.252 g of BTO nanoparticles (65 wt % of BTO nanoparticles in the nanocomposite) along with
0.33 M of PbI2 and 0.99 M of MACl precursor concentrations must be used to fabricate BTO
nanoparticles embeded perovskite nanocomposite to have the best balance between optical
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absorption of the perovskite and the polarization induced local electric field due to BTO
nanoparticles.

5.6. Chapter Summary
Modeling each BTO nanoparticle as an electrical dipole, dipole electric field of a plane of
4 dipoles located at 4 corners of a square was calculated. Then adding a similar plane of 4 dipoles,
dipole electric field between the 2 planes, ie within a unit cell as a function of separation between
2 planes, h was calculated. Local electric field is maximum in each plane of dipoles and zero at
the center for a cubic unit cell. Adding 2 more nearest neighbor planes of dipoles from top and
bottom, local electric field within the first unit cell was calculated. Then, maximum local electric
field as a function of distance between 2 nanoparticles, a was calculated. Maximum local electric
field decreases as the distance between nanoparticles increases. Volume fraction of perovskite
solar absorber as a function of distance between 2 nanoparticles was calculated. Volume fraction
of perovskite solar absorber increases as the distance between nanoparticles increases. To have a
balance between optical absorbance and local electric field, optimum BTO nanoparticle volume
fraction was determined as 0.36. Using that, BTO nanoparticle concentration within the composite
was determined to be 65 wt%. A uniform distribution of nanoparticles was considered for the
calculation to estimate the optimum BTO nanoparticle concentration quantitatively. A more
accurate approach is developing a computational model to include the random positions of BTO
nanoparticles in nanocomposites.
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CHAPTER 6
Development of CH3NH3PbI3-xClx Perovskite Solar Cells with and
without BTO Nanoparticles

The purpose of this chapter is to establish the procedures and material characterizations
that were used to develop standard CH3NH3PbI3-xClx solar cells without BaTiO3 nanoparticles and
that was then utilized as a comparison to BaTiO3 nanoparticles embeded CH3NH3PbI3-xClx
perovskite solar cells. Many basic procedures such as substrate cleaning and preparation are given
in chapter 2 & chapter 3 and when some of those procedures are needed, the reader will be referred
to those chapters.

6.1. CH3NH3PbI3-xClx Perovskite Solar Cell Structures
A planar device architecture was chosen in this study. The specific structures chosen for
this work are shown in Figure 6.1.
Cu

Cu

P3HT with additives

P3HT with additives

Perovskite

Perovskite: BTO
nanoparticles

TiO2

TiO2

Glass/FTO

Glass/FTO

Figure 6.1. Fabricated perovskite solar cells structures with and without BTO nanoparticles.
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For easy of reference, the layers starting with the substrate are FTO, TiO2, Perovskite,
P3HT with t-BP(tert-butylpyridine) and lithium salt (Bis[trifluoromethane]sulfonimide) additives,
and Cu metal contact. Figure 6.2 shows the energy levels of the materials involved in the solar
cells. When the solar cells are illuminated through FTO electrode, CH3NH3PbI3-xClx absorbs
photons, excitons generate and dissociate into electrons and holes at the TiO2/ CH3NH3PbI3-xClx
and P3HT/ CH3NH3PbI3-xClx interfaces. Subsequently, electrons flow to the conduction band
bottom of the TiO2, and holes directly flow to the Cu anode, or flow to the highest occupied
molecular orbital (HOMO) of P3HT and then are collected at the Cu anode. Since the HOMO level
(-5.2 eV) of P3HT is between the HOMO (-5.4 eV) of CH3NH3PbI3-xClx and the work function (5.0 eV) of Cu, band alignment is more suitable for efficient hole collection. The lowest occupied
molecular orbital (LUMO) (-3.0 eV) of P3HT prevents transferring electrons from CH3NH3PbI3xClx

to the Cu electrode. Therefore, effective blocking of electrons to the anode can efficiently

reduce the charge recombination at the anode interface.

Energy (eV)

-3.7 eV
CH3NH3Pb

-4.4 eV
FTO

I3-xClx

-4.2 eV
TiO2

-5.4 eV

Figure 6.2. The energy level diagram of perovskite solar cell structure.
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P3HT
-5.2 eV

Cu
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The working principle of BTO nanoparticles embeded perovskite solar cells is illustrated
in Figure 6.3.
Photo current

Cu
P3HT with additives
electron
hole

Internal electric field

BTO
nanoparticles
TiO2
Glass/FTO

Photons

Figure 6.3. The working principle of BTO nanoparticles embeded perovskite solar cells.

First the solar cell must be positively poled by applying a small DC voltage between the
Cu and FTO electrodes. When the Cu electrode is positively poled (FTO electrode is grounded),
BTO nanoparticles polarize with net negative ferroelectric charges towards the HTL layer and
positive charges towards the TiO2 side. Due to this ferroelectric polarization of BTO nanoparticles,
the induced local internal electric field will be towards the HTL layer as shown in Figure 6.3. As
a result of this local electric fields, upon illumination of photons, generated hole charge carriers
will move towards the electric field (towards the Cu electrode) and electron charge carriers will
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move away from the electric field (towards the FTO electrode) efficiently reducing bimolecular
recombination, which is the direct recombination of the electrons in the conduction band and the
holes in the valence band. Hence an enhanced photocurrent is expected from BTO nanoparticles
embeded perovskite solar cells.
FTO was chosen as the TCO (transparent conducting oxide) rather than ITO, mainly
because it is most commonly used by other research groups in perovskite solar cells. Also, it is the
only solar cell layer besides the substrate that was not fabricated in LAMSAT. Precoated FTO
glass slides with average optical transmittance greater than 80% [Figure 6.4] and sheet resistance
of 9-11 Ω/sq were purchased from Delta Technologies, Limited [119].
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Figure 6.4. UV-vis-NIR transmission spectrum of FTO coated glass.

This specific planar device architecture was selected for its simplicity and cost
effectiveness which would be helpful to prove proof of concept device and in commercial aspects
as well. Most importantly as described in chapter 1, planar architecture is more suitable for
CH3NH3PbI3-xClx due to its more than 1 µm long charge carrier diffusion lengths.
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6.2. Deposition of ETL and Characterization
This section describes the process of depositing TiO2 thin films as ETL on glass substrates
by spin coating method and the characterization results. Also, AZO (Aluminum doped Zinc Oxide)
nanoparticles was tried as the ETL (since AZO nanoparticles can be deposited by AACVD
method) but best device parameters were obtained from TiO2.

6.2.1. Deposition of TiO2 by Spin Coating Method
TiO2 thin films were deposited by the spin coating method described in section 2.1.2. For
structural and optical characterization, all depositions were carried out on borosilicate glass
substrates. Subsequent films were then deposited on FTO coated glass substrates in device
fabrication. Titanium diisopropoxide bis(acetylacetonate) used for the deposition of TiO2 was
purchased from Sigma-Aldrich Corporation. A ~50 nm thick compact TiO2 film was prepared by
spin coating a 0.3 M titanium diisopropoxide bis(acetylacetonate) in ethanol onto the FTO
substrates at 3000 rpm for 30 s. The deposited layer was dried at 125 °C for 5 minutes on a hot
plate and then annealed at 500 °C for 30 minutes in air as described in the literature [201].

6.2.2. Structural Characterization of TiO2 Thin Films
Figure 6.5 shows XRD pattern of a TiO2 thin film annealed at 500 °C. The deposited thin
films have 3 major diffraction peaks at 2θ values of 25.24°, 37.97°, and 48.11° can be readily
attributed to the (101), (004), and (200) crystal planes of TiO2 (JCPDS card no. 21-1272) [183]
anatase structure.
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Figure 6.5. XRD pattern of TiO2 deposited at 500 °C.

6.2.3. Optical Characterization of TiO2 Thin Films
Optical transmittance spectrum of a TiO2 thin film is shown in Figure 6.6. The average
transmittance of spin coated TiO2 thin films at lower wavelengths is above 60 % and at higher
wavelengths (above 550 nm), it is more than 75 %. In addition to work as an ETL, TiO2 thin film
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works as a good optical window for incoming photons.
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Figure 6.6. UV-vis-NIR transmittance spectrum of TiO2 thin film annealed at 500 °C.
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6.3. Deposition of CH3NH3PbI3-xClx Perovskite Layer without BTO
Nanoparticles and Characterization
AACVD method with optimized growth conditions was used to fabricate CH3NH3PbI3xClx

perovskite layer as described in chapter 3. In summary 0.33 M of PbI2 and 0.99 M of

CH3NH3Cl precursor concentrations and 120 °C growth temperature were used as growth
parameters. N2 was used as the carrier gas. Chamber pressure was kept at 550 Torr and nozzle to
substrate distance was kept at 6 cm. Thickness of the perovskite layer was ~ 400 nm.

6.4.

Deposition

of

CH3NH3PbI3-xClx

Perovskite

Layer

with

BTO

Nanoparticles and Characterization
The deposition of BTO: CH3NH3PbI3-xClx Perovskite nanocomposite films and
characterization is described in chapter 4.

6.5.

Deposition of HTL and Characterization
This section describes the process of depositing P3HT thin films with additives as HTL on

glass substrates by spin coating method and the characterization results. Also, PEDOT: PSS and
NiO nanoparticles were tried as the HTL (both materials can be deposited by AACVD method)
but best device parameters were obtained from P3HT with additives.

6.5.1. Deposition of P3HT with Additives by Spin Coating Method
P3HT (poly(3-hexylthiophene-2,5-diyl)) thin film with additives was deposited by the spin
coating method described in section 2.1.2. A ~ 80 nm P3HT was spin-coated using 15 mg/mL
P3HT in dichlorobenzene at 3000 rpm for 30 s. 3.4 μL tert-butylpyridine (t-BP) and 6.8 μL
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bis(trifluoromethane)sulfonimide lithium salt (Li-TFSI) in acetonitrile (80 mg/ml) were added to
a 1 mL P3HT solution to increase hole conductivity [99].

6.5.2. Structural Characterization of P3HT Thin Films with Additives
Figure 6.7 shows SEM image of a spin coated P3HT film with additives. Imaging at higher
magnifications was very difficult due to charging effects of P3HT films.

Figure 6.7. SEM image of spin coated P3HT thin film with additives.

Figure 6.8 shows XRD pattern of P3HT deposited on CH3NH3PbI3-xClx perovskite thin
film.

Figure 6.8. XRD pattern of spin coated P3HT thin film with additives on CH3NH3PbI3-xClx perovskite film.
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A tiny peak at 2θ value of 12.65 ° indicates some impurity phase of PbI2. This might be
due to a decomposition reaction of CH3NH3PbI3-xClx perovskite with lithium salt additive. But
crystallinity of the perovskite is preserved with the deposition of P3HT film on perovskite film.

6.5.3. Optical Characterization of P3HT Thin Films with Additives
Optical absorbance spectrum of a P3HT thin film is shown in Figure 6.9. The absorption
peaks at 610 nm and 555 nm indicate interchain π -π stacking interactions, and peak at 525 nm
corresponding to an intrachain π -π * transition of P3HT [149, 185].
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Figure 6.9. UV-vis-NIR absorption spectrum of spin coated P3HT thin film with additives.

6.6. Development of Perovskite Solar Cells
The solar cells were deposited on FTO coated glass substrates. A ~ 50 nm TiO2 thin film
layer was deposited according to the recipe given in section 6.2.1 by spin coating method. The
CH3NH3PbI3-xClx thin film layer was deposited by AACVD method at 120 °C substrate
temperature starting with 0.33 M PbI2 and 0.99 M CH3NH3Cl precursors, at 550 Torr chamber
pressure, 6 cm nozzle to substrate distance for a thickness of ~ 400 nm. This is a standard thickness
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used by many other research groups. Then, ~ 80 nm P3HT layer was immediately deposited by
spin coated following the recipe in section 6.5.1. As the final step, the sample was transferred to
the thermal evaporation chamber to deposit ~60 nm thick 1.2 mm diameter Cu contacts. Figure
6.10 shows a fabricated sample with 25 solar cells. Ag (manually) and Au-Pd (Hummer
Sputtering) contacts were also tried but the best results were obtained with Cu contacts. The results
of this electrical characterization are presented below.

Figure 6.10. Top view of fabricated FTO/TiO2/ CH3NH3PbI3-xClx/P3HT/Cu for J-V measurements.

6.6.1. J-V Characteristics of Solar Cell without BTO Nanoparticles
J-V measurements were carried out as soon as fabricated samples were removed from the
thermal evaporator to minimize light, humidity, and O2 exposure. A representative J-V curve for
one of the best cells without BTO nanoparticles is shown in Figure 6.11.

Figure 6.11. J-V characteristic of a representative solar cell without BTO nanoparticles.
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Generally, not all contacts were reliable and some were electrically short circuited. This
may be due to structural imperfections such as pinholes or cracks. Care has been taken to minimize
those but some were present nevertheless.

6.6.2. J-V Characteristics of Solar Cell with BTO Nanoparticles
Best J-V curves for a solar cell with 40 % BTO nanoparticles is shown in Figure 6.12. 40
% BTO nanoparticle concentration was chosen based on structural and optical characterization of
BTO: perovskite nanocomposites.

Figure 6.12. J-V characteristic of a representative solar cell with BTO nanoparticles.

The structure was poled by applying 9 V (Cu electrode positive and FTO electrode
grounded) for 10 s and then solar cells were short circuited for 5 s after poling to avoid the effect
of capacitive charging during the poling. The photo current density is higher by one order of
magnitude after poling the structure. The measured photocurrent density is higher than from the
solar cells without BTO nanoparticles. The enhancement of photo current density can be explained
using energy band diagrams.
The detailed band diagram of the isolated TiO2, CH3NH3PbI3-xClx and P3HT with
quantitative values on certain energy levels are shown in Figure 6.13. Since the Fermi level of
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P3HT layer is unknown, it is challenging to quantitatively draw the band diagrams of the contacted
structure.
Vacuum Level
4.3 eV

4.8 eV
-3.0
-3.7

-4.2
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-5.4

-5.2

TiO2
MAPbI3-xClx
-7.4

Figure 6.13. Schematic of electronic band structure of isolated TiO2, CH3NH3PbI3-xClx, and P3HT.

The band alignment of the contacted structures with quantitative values on certain
important energy levels are shown. It shall be noted that such band alignment is based on an
approximate assumption of the position of the P3HT's Fermi level. The schematic of band
diagrams under intrinsic condition and positive poling condition are shown in Figure 6.14 and 6.15
respectively. In the absence of a ferroelectric polarization (before poling the structure), the energy
band diagram can be modeled as a n–i–p structure shown in Figure 6.14.
Ebi is a general term for the built-in electric field in the perovskite layer, E1 is the built-in
electric field in the perovskite layer close to the ETL side, E2 is the built- in electric field in the
perovskite layer close to the HTL side; similarly, W1 and W2 represent their corresponding widths
of depletion regions in the perovskite layer, respectively.
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Figure 6.14. Schematic of band structure of BTO nanoparticles embeded perovskite solar cells without poling.

Ep represents ferroelectric polarization field, W1+ is the width of depletion region after
poling the structure in the perovskite layer close to the ETL side, W2+ is the width of depletion
region after poling the structure in the perovskite layer close to the HTL side, P denotes the
ferroelectric polarization of BTO nanoparticles.
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Figure 6.15. Schematic of electronic band structure BTO nanoparticles embeded perovskite solar cells with positive
poling.
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When Cu electrode is positively poled (ETL side is grounded), BTO nanoparticles polarize
with net negative ferroelectric charges towards the HTL layer and positive charges towards the
TiO2 side. This ferroelectric polarization induced local electric field, Ep in the same direction as
Ebi. This leads to the increase of the width of depletion regions in the perovskite layer (W1+ and
W2+) and enlarges the band bending at both perovskite-p and n-perovskite interfaces (Figure 6.15).
Accordingly, as a result, under poling, the driving forces either to extract electrons to ETL or to
push holes to HTL become higher. As a result, a boosting of JSC would be observed due to
additional band bending and better charge separation.

6.7. Chapter Summary
This chapter presented the fabrication and characterization of perovskite solar cells with
and without BaTiO3 nanoparticles. BaTiO3 nanoparticles embeded perovskite solar cells generated
a higher photo current density after poling the cells compared with solar cells without BTO
nanoparticles. Ferroelectric polarization of BTO nanoparticles within the perovskite solar absorber
plays a dominant role in charge separation and transport. Ferroelectric polarization induced local
electric field (EP) is expected to increase the width of the depletion regions inside the perovskite
layer, which is expected to regulate the separation of photo-generated charges. Therefore,
ferroelectric polarization induced local electric fields act as another driving force for charge
separation. The ferroelectric polarization of BTO nanoparticles within the perovskite solar
absorber provides a new perspective for tailoring the working mechanism and photovoltaic
performance of perovskite solar cells.
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CHAPTER 7
Conclusions

This work presented a novel growth process for the deposition of CH3NH3PbI3-xClx
perovskite thin films starting with CH3NH3Cl and PbI2 precursors. A detailed study of structural
and optical properties of AACVD deposited CH3NH3PbI3-xClx perovskite thin films was presented.
AACVD system was custom made in LAMSAT for this work. The coverage of deposited films on
planar substrates depended on chamber pressure and nozzle to substrate distance. The structureproperty relationship of the films grown at various concentrations and growth temperatures pointed
to a specific window of growth parameters. The fabricated films at low precursor concentrations
showed excess PbI2 showing incomplete crystallization of the perovskite. CH3NH3PbI3-xClx
perovskite films deposited with 0.33 M MACl and 0.99 M PbI2 resulted narrowest XRD peaks
showing highest crystallinity and optical absorption. According to the study, 120 °C is the
optimum deposition temperature. At lower temperatures, needle-like structures formed. At higher
temperatures (above 140 °C), the perovskite decomposes into PbI2. Optical analysis of the films
showed that direct bandgap energy of the perovskite is 1.57 eV. Absorption and
photoluminescence studies showed that the fabricated films have 30 meV stokes shift indicating
superior crystallinity of the films. Post-deposition annealing is not a factor to increase the
crystallinity or the absorption. Results were compared with solution casted and spin coated
perovskite thin films and AACVD deposited thin films have better optoelectronic properties hence
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AACVD technique is a better approach to fabricate CH3NH3PbI3-xClx perovskite thin films starting
with PbI2 and CH3NH3Cl precursors.
Another aim of this work is to enhance charge carrier separation of these thin films by
establishing a local internal electric field that can reduce electron-hole recombination resulting in
increased photo current. The intrinsic ferroelectricity in nanoparticles of Barium Titanate (BaTiO3
-BTO) embedded in the solar absorber can generate such an internal field. The AACVD technique
was extended to deposit BTO: CH3NH3PbI3-xClx nanocomposites by adding BTO nanoparticles to
the perovskite precursors. Optical absorbance and degree of crystallinity of BTO: CH3NH3PbI3xClx

nanocomposites were systematically studied at different BTO nanoparticle concentrations

starting from 0 wt% to 100 wt% in 10 wt% increments. It was found that, optical absorbance of
nanocomposite films decreases as the BTO nanoparticle concentration increases. And the upper
limit to retain the crystallinity of the perovskite is 46.6 wt% BTO nanoparticles in the
nanocomposites. Perovskite grain size decreases as the BTO nanoparticle concentration in the
nanocomposite increases. Based on structural and optical characterization of BTO: perovskite
nanocomposite thin films, optimum BTO nanoparticle concentration in the nanocomposite is
estimated to be 40 wt%. XRD data and SEM images confirm that AACVD technique is capable
of depositing BTO nanoparticles embeded perovskite solar absorber thin films. P-E measurements
of nanocomposites showed that nanocomposites are ferroelectric. Producing P-E hysteresis loops
at all the BTO nanoparticle concentrations were unsuccessful due to leakage currents, poor
electrodes, or instability of nanocomposites.
While high percentage of BTO in the nanocomposite film increases the carrier separation,
it also leads to reduced carrier generation. Assuming a uniform distribution of BTO nanoparticles,
a simple model was developed to estimate the optimum BTO nanoparticle concentration in the
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nanocomposite thin films quntitatively. Modeling each BTO nanoparticle as an electric dipole,
variation of electric field within a cubic unit cell (placing 8 dipoles at the corners of the cube) was
calculated. The variation of maximum electric field within the unit cell as a function of distance
between 2 nanoparticles was calculated. Also, the volume fraction of the solar absorber within the
unit cell as a function of distance between 2 nanoparticles was calculated. Optimum BTO
nanoparticle concentration was determined to be 36 vol % or 65 wt % in the nanocomposite. The
estimated optimum BTO nanoparticle concentration using this model is quite high from the
experimentally determined optimum BTO nanoparticle concentration which is 40 wt%. In the
model, a uniform distribution of BTO nanoparticles was considered rather than random positions
of BTO nanoparticles. A computational model is required to include the randomness of BTO
nanoparticles which will estimate a more accurate optimum BTO nanoparticle concentration.
Finally, to study the effect of ferroelectric polarization of BTO nanoparticles on solar cells,
a hybrid structure of CH3NH3PbI3-xClx perovskite and ferroelectric BTO nanoparticles
FTO/TiO2/CH3NH3PbI3-xClx: BTO/P3HT/Cu as a new type of photovoltaic device was fabricated.
Using Au-Pd by hummer sputtering and Ag dots (manually) as back contacts was not that
successful. Hence, a thermal evaporator was developed in LAMSAT to deposit electrodes on solar
cells. In perovskite solar cells, Au is mostly used as the back electrodes. Unfortunately, thermal
evaporation of Au or Al was not recommended by the furnace supplier. Hence Cu contacts were
used as back contacts deposited via thermal evaporation. One must keep in mind that contacts play
a significant role on performance of solar cells. In early attempts, AZO nanoparticles layer was
tried as ETL but obtaining a good coverage on FTO was unsuccessful, Furthermore, resulted J-V
measurements were not that great. Also employing PEDOT: PSS and NiO nanoparticles layers as
HTL was unsuccessful. Spiro-OMeTAD is the standard HTL in perovskite solar cells but
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employing it was not practical since it is very expensive. Finally, TiO2 and P3HT with t-BP and
Li-TFSI additives were spin coated on fluorine-doped tin oxide (FTO) as ETL and HTL
respectively. These layers were then applied to perovskite solar cells and perovskite solar cells
were fabricated with and without BTO nanoparticles. Electrical characterization of perovskite
solar cells indicated that ferroelectric polarization of BTO nanoparticles increases the depletion
region width in the perovskite hence the photo current was increased by one order of magnitude
after poling the devices. One must rememeber that all the measurements were carried out under
ambient conditions and humidity, oxygen, and UV light play a significant role on the performance
of perovskite solar cells. Unfortunately, unavailability of a solar simulator was another barrier to
measure all the device parameters.
The ferroelectric polarization of BTO nanoparticles within the perovskite solar absorber
provides a new perspective for tailoring the working mechanism and photovoltaic performance of
perovskite solar cells. The results presented are of great interest to the researchers involved in this
growing field of perovskite solar cells.
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Appendix A: Schematic Diagram of Custom-made Vibrating-Mesh Nebulizer
Figure A.1. Schematic Diagram of Custom-made Vibrating-Mesh Nebulizer
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Appendix A (Continued)

Figure A.4. Bottom View
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Appendix B: FWHM Calculation of CH3NH3PbI3-xClxThin Films Fabricated
at Different Precursor Concentrations
Figure B.1. FWHM Calculation of CH3NH3PbI3-xClxThin Films Fabricated at Different Precursor
Concentrations
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Appendix C:
Figure C.1. Electric field calculation due to 2 planes of dipoles
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Figure C.2. Electric field calculation due to 4 planes of dipoles

Electric Field vs height within the unit cell A due
to 4 Planes of dipoles, h=a
Electric Field (Vm-1)

6.00E+08
4.00E+08
2.00E+08
0.00E+00
0.00E+00
-2.00E+08

2.00E-08

4.00E-08

6.00E-08

8.00E-08

1.00E-07

height (m)

-4.00E+08
-6.00E+08
-8.00E+08
-1.00E+09
-1.20E+09

173

Appendix D: Publications and Presentations

Journal Publications:
1. Chaminda Hettiarachchi, N Valdes, P Mukherjee, S Witanachchi, “A single-step growth
process for the deposition of CH3NH3PbI3-xClx perovskite films from CH3NH3Cl and PbI2
precursors”, The Journal of Materials Science & Engineering - B, Vol 6, No. 9-10 A, 2016.

Oral Presentations:
1. Chaminda Hettiarachchi, N Valdes, P Mukherjee, S Witanachchi, “A novel growth process for
the deposition of CH3NH3PbI3-xClx perovskite films”, 2014 Energy Materials Nanotechnology
(EMN) Fall Meeting, Orlando Florida, USA, November 2014.
2. Chaminda Hettiarachchi, R Hyde, S Wijewardane, P Mukherjee and S Witanachchi,
“Structural and Optical Properties of PbSe quantum dots treated with 3-mercaptopropionic
acid”, Florida Annual Meeting & Exposition- FAME, Palm Harbor Florida, May 2013.
3. Chaminda Hettiarachchi, D Feliciano, D Mukherjee, P Mukherjee and S Witanachchi,
“Improvement of carrier transport in PbSe quantum dot-embedded polymeric solar cells
fabricated by a Laser Assisted Spray process”, AVS 59th International Symposium &
Exhibition, Tampa FL, October-November 2012.

Poster Presentations:
1. Chaminda Hettiarachchi, Nicholas Harris, Pritish Mukherjee, Sarath Witanachchi,
“BaTiO3 Nanoparticles Embedded CH3NH3PbI3-xClx Perovskite Solar Cells with
Enhanced Open-Circuit Voltage”, Materials Research Society Spring Meeting, Phoenix
AZ, April 2017.
2. Chaminda Hettiarachchi, John Niman, Pritish Mukherjee, Sarath Witanachchi,
“Fabrication and Characterization of BaTiO3 (BTO) ferroelectric nanoparticles embedded
CH3NH3PbI3-xClx Perovskite Solar Cells”, Materials Research Society Spring Meeting,
Phoenix AZ, March 2016.

174

3. Chaminda Hettiarachchi, Nicholas Valdes, Pritish Mukherjee, Sarath Witanachchi, “A
novel growth process for the deposition of CH3NH3PbI3-xClx perovskite films”, Materials
Research Society Spring Meeting, San Francisco CA, April 2015.
4. Chaminda Hettiarachchi, Marek Merlak, Pritish Mukherjee and Sarath Witanachchi,
“Investigation of Multiple Exciton Generation - Dissociation in PbSe Quantum Dots
Embedded in a PbTe Matrix”, Materials Research Society Spring Meeting, San Francisco
CA, April 2014.
5. Chaminda Hettiarachchi, Domingo Feliciano, Robert Hyde, Pritish Mukherjee and Sarath
Witanachchi, “Investigation of carrier transport in surfactant-free PbSe quantum dot
embedded bulk heterojunction polymeric solar cells fabricated by a Laser Assisted Spray
process”, Materials Research Society fall Meeting, Boston MA, October 2012.
6. Chaminda Hettiarachchi, Dino Ferizovic, Devjyoti Mukherjee, Robert Hyde, Pritish
Mukherjee and Sarath Witanachchi, “Structural and Optical Properties of Surfactant-free
Coatings of PbSe Quantum Dots deposited by a Laser Assisted Spray Process”,
International Conference on Surfaces, Coatings and Nanostructured Materials
(NANOSMAT-USA), Tampa FL, 27-30 March 2012.
7. Dino Ferizovic, Chaminda Hettiarachchi, Domingo Feliciano, Robert Hyde, Pritish
Mukherjee and Sarath Witanachchi,” Investigation of multiexciton generation-dissociation
in surfactant-free PbSe quantum dots”, Materials Research Society Spring Meeting, San
Francisco CA, April 2013.

175

ABOUT THE AUTHOR

Chaminda Lakmal Hettiarachchi earned his Bachelor of Science Special degree in
Engineering Physics with honors from University of Colombo, Sri Lanka in 2004. Then he served
his country working as a Teaching Assistant in University of Colombo and Teaching
Assistant/Lab-in-Charge in University of Kelaniya, Sri Lanka. He enrolled Missouri University of
Science and Technology (formely University of Missouri-Rolla) in 2006 and earned his Masters
degree in Physics in 2008. Then he joined the Department of Physics at the University of South
Florida and worked at Laboratory for Advanced Materials Science and Technology on excitonic
solar cells and perovskite solar cells. He was awarded the Frank E. Duckwall Graduate Fellowship
and Fred L. & Helen M. Tharp Endowment Scholarship during the Summer 2016. He served as a
Research Education for Undergraduate mentor during the Summers of 2012, 2015, 2016, and 2017.
His investigations led to a journal publication and ten conference presentations.

